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GENERAL INTRODUCTIONChapter 1
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‘In mei leggen alle vogels een ei’ is a famous Dutch phrase that states that all birds lay an 
egg in May. Although this is of course not true, it does contain an important message 
which is that the breeding seasons of many bird species are highly synchronized. This 
is because of the strongly seasonal climate in temperate regions, which limits the period 
of time during which conditions are favourable for growth and reproduction. Animals 
time their reproduction to coincide with this most favourable period as this maximizes 
their reproductive success and survival probability. Negative ﬁ  tness consequences arise 
when reproduction is timed before or after the optimal period for reproduction.
The optimal timing of reproduction is typically synchronized with a period of high 
food availability. In order to match the period of maximum energy requirement (during 
the raising of offspring) with the period of maximum energy availability (the time when 
food is most abundant) preparations for reproduction have to be made weeks or even 
months before the food peak. Gonads have to be developed, a mate has to be found, 
and in the case of birds, a nest has to be built and eggs produced and incubated. The 
timing of the food peak varies from year to year due to annual differences in spring 
temperatures. Birds have evolved to use cues from the environment which reliably pre-
dict the optimal time to breed. The primary cue is photoperiod. Increasing day length in 
spring triggers a cascade of hormonal and physiological changes (Dawson et al. 2001, 
Sharp 2005). The importance of photoperiod is shown by an experiment in which cap-
tive blue tits (Cyanistes caeruleus) (with ad libitum food) were tricked into laying their eggs 
in winter (January) by exposing them to long days from December onwards (Lambre-
chts and Perret 2000). Under natural photoperiods, egg laying in January is not possible 
because the reproductive system is not fully developed.
Besides photoperiod, supplementary cues are used as the optimal period for re-
production varies between years (Wingﬁ  eld et al. 1992). As an extreme example, zebra 
ﬁ  nches in central Australia do not use changes in day length at all, but instead respond 
to rainfall which is a good predictor of future local food availability (seeding grasses) in 
the desert-like landscape (Zann et al. 1995). Seasonally breeding birds often use temper-
ature as a supplementary cue. Dunn (2004) showed that 45 out of 57 bird species (79%) 
breed earlier in years with high temperatures in the pre-egg laying period. Many bird 
species feed their young a diet rich in arthropods whose developmental rate is directly 
affected by temperature (Manel and Debouzie 1997, Gu and Novak 2006, Thompson 
and Clark 2006, Raworth 2007). Therefore, warmer springs lead to earlier appearance 
of insects and thus an earlier optimal timing for reproduction. In the case of great tits, 
late spring temperatures are highly correlated with the timing of their food: lepidop-
teran caterpillars while their timing of egg laying is correlated with temperatures in early 
spring (Visser et al. 2006).General introduction
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CLIMATE CHANGE
Historically, temperatures in the past 420,000 years have alternated between glacial 
(cold) and interglacial (warm) periods (Petit et al. 1999). Compared to this, temperatures 
during the last 2,000 years have been relatively stable. However, the rate of warming in 
the last four decades has been greater than at any other time during the last 1,000 years 
(IPCC 2001).
Two major effects of increasing temperatures are evident on ﬂ  ora and fauna. The 
ﬁ  rst effect is a shift in range boundaries. Rainfall and temperature are important abiotic 
factors that can constrain species’ distributions. Increasing temperatures can make pre-
viously unsuitable locations suitable. For example, 84% of 329 species belonging to 16 
taxonomic groups including insects, ﬁ  sh, mammals and birds in the UK expanded their 
northern range boundary northwards between 1960 and 2000 (Hickling et al. 2006). 
Change in abiotic conditions can also make previously suitable locations unsuitable 
(Parmesan 2006).
The second effect of increased temperature, and the most important in relation to 
this thesis, is that on phenology. Phenology is (the study of) the timing of recurring 
seasonal biological events such as ﬂ  owering, hibernation and reproduction. Parmesan 
Figure 1. Change in average temperature 
from 1980 – 2010 for the periods March 15th 
- April 20th (open circles) and April 21st - May 
17th (closed circles). Temperatures during the 
ﬁ  rst period correlate best with the annual 
average laying dates of ﬁ  rst clutches of great 
tits in the Hoge Veluwe study area, while 
temperatures in the latter period correlate 
best with the timing of the annual caterpillar 
food peak (Visser et al. 2006). Temperatures 
after April 20th have increased at a higher rate 
causing the caterpillar food peak to advance 
fast, although the addition of data from 
the last three years results the difference 
in temperature increase between the two 
periods no longer being signiﬁ  cant (year * 
period interaction 1980-2011: t60 = 1.03 P 
= 0.31; year * period interaction 1980-2008: 
t60 = 2.13 P = 0.037; Royal Netherlands 
Meteorological Institute, location De Bilt).
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(2007) estimated that spring had advanced by an average of 2.8 days per decade across 
the northern hemisphere. Her study included 203 species, including amphibians, but-
terﬂ  ies, birds, trees, ﬁ  sh, mammals, herbs and grasses.
Climate change is and has been far from uniform. On average, winter tempera-
tures have increased more than summer temperatures, and temperatures in the northern 
hemisphere by more than those in the southern hemisphere (Easterling et al. 1997). 
Boreal regions have warmed by as much as 4 ˚C over the past century while much of the 
tropics has shown little change (IPCC 2001). The spatial pattern of changes of temper-
ature also depends on the period of the year considered. For example, in Europe, spring 
temperatures have increased fastest in central Europe, while the smallest increases - or 
even decreases - have occurred in northern parts of Scandinavia (Both and te Marvelde 
2007). The rate of temperature change can also vary between different periods of the 
year within a single location. For example, early spring temperatures in the Netherlands 
have increased more than late spring temperatures (Fig. 1). Such inconsistent changes 
may mean that temperature cues no longer correctly predict the optimal time to breed.
MISMATCHED REPRODUCTION
Changes in phenology over the years show that animals are able to adjust to climate 
change, but whether such changes are adequate depends primarily on how the phenol-
ogy of prey species changes (Visser and Both 2005). Prey species that are used to raise 
offspring are especially important, because this is the most energy demanding period 
in an animal’s life cycle (Carey 1996). Unfortunately, only a few studies have simultane-
ously recorded long-term changes in the phenology of both prey and predator spe-
cies. Those that have done so show that changes in the phenology of prey are often 
larger than those of the corresponding predator (Visser et al. 2012). This leads to the 
reproduction of the predator becoming mismatched with respect to the availability of 
prey, with potentially large negative ﬁ  tness consequences. As climate change is spatially 
variable, so is the response of populations of the same species to the locally chang-
ing conditions. For example, changes in the laying dates of pied ﬂ  ycatchers (Ficedula 
hypoleuca) throughout Europe depend on the local change in spring temperatures (Both 
et al. 2004). Great tits also show spatial variation in the change of timing of breeding. 
However, these changes are not correlated with temperature but with the probability of 
double brooding (having a second breeding attempt within the same breeding season 
after a successful ﬁ  rst breeding attempt); in populations where the probability of dou-
ble brooding has rapidly decreased laying dates have advanced least (Visser et al. 2003). 
While the caterpillar peak has advanced by 19 days over the last 25 years in the Hoge 
Veluwe study area, great tits have advanced their reproduction by only seven days, which 
lead to an increasingly strong selection for early egg laying (Box 1).General introduction
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RESTORING THE MATCH
Spring temperature is predicted to continue to increase over the next few decades and 
thus the mismatch between nutrient availability and nutrient requirement are likely to 
increase if great tits are not able to adjust their timing of reproduction. There are sev-
eral possibilities by which the mismatch can be reduced. 
Several ways exists how the date of eggs hatching can be advanced. For example, a 
reduction in clutch size would advance hatching by one day for each egg fewer laid. In 
great tits, this has not what has been observed. Instead, they have started to incubate 
before clutch completion: if, for example, a female starts incubating after she has laid 
seven eggs but then lays two more eggs (on the following two days), hatching dates of 
the ﬁ  rst seven eggs will be advanced by two days. in the clutch will also hatch asynchro-
nously, because the eighth and ninth eggs will hatch one and two days later, respectively. 
Nestlings hatching from these eggs will thus be at a competitive disadvantage relative to 
their older and larger nest mates and will only survive until ﬂ  edging when food condi-
tions are favorable (Stenning 1996). Adaptations like these can advance hatching dates 
by a few days. In order to advance hatching dates sufﬁ  ciently to match the advancement 
of the food peak the timing of egg laying has to be adjusted. Since (i) laying date has 
a heritable component (van der Jeugd and McCleery 2002, Sheldon et al. 2003) and (ii) 
directional selection for early egg laying exists (Box 1), great tits have not been able to 
advance egg laying adequately to match the advancement of the food peak. What pre-
vents advancement in egg laying?
HYPOTHESES FOR THE LACK OF CHANGE IN TIMING OF EGG LAYING
As said before, the temperatures in late spring have increased which led to an advance 
in the caterpillar food peak over the past decades. Temperatures in early spring, which 
correlate with timing of egg laying, have increased, but less than the temperatures in 
late spring. The difference in temperature increase could result in ´late´ breeding in two 
ways; the ‘cue hypothesis’ and the ‘constraints hypothesis’. The cue hypothesis claims that the 
cues that birds use to predict the timing of the food peak no longer since temperatures 
in late spring (after birds have laid their eggs) have increased more than temperatures 
in early spring (before egg laying). In great tits, sensitivity to temperatures that cue the 
timing of laying need to increase so that any given increase in temperature leads to a 
larger advancement in timing of egg laying than currently. 
Alternatively, advancing egg laying may be energetically constrained – the constraints 
hypothesis. This hypothesis is the focus of this thesis. It is well known that egg laying and 
incubation are costly in terms of energy and, more importantly, ﬁ  tness. Perrins (1970) 
argued in a highly inﬂ  uential paper that females are simply unable to reproduce any 
earlier in spring because they cannot gather enough resources for egg production. We 
prefer to conceptualise this not as an absolute constraint, but as a trade-off between the Chapter 1
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ﬁ  tness costs and beneﬁ  ts of early egg laying (chapter 6). From this perspective, laying 
dates are a compromise between ﬁ  tness costs to the mother of laying early, and ﬁ  tness 
beneﬁ  ts from a phenological match between the food peak and the offspring’s needs.
Birds lay early in years with a warm spring compared to years with a cold spring. 
Although this effect could arise from the birds’ reaction to temperature as a cue, food 
availability might be the proximate reason because food availability increases with in-
creasing temperatures. Food availability is likely to play a role in timing of egg laying as 
egg laying is energetically costly. It takes an increase of about 15% in total daily energy 
requirements to produce an egg (King 1973, Ricklefs 1974, Walsberg 1983). Perrins 
(1996) points out that the costs associated with the collection of the extra food intake 
and the efﬁ  ciency with which energy is assimilated should also be included in the total 
costs of egg laying. Little is known about the efﬁ  ciency by with energy is ‘stored’ in 
the egg, but a study on laying hens showed that this might be as low as 30-37.5%. This 
means that about three times as much energy has to be collected as the energetic con-
tent of the egg itself. In addition, the energy required to search food should be included. 
Since the temperatures in early spring have not increased much over recent decades, 
advancing egg laying implies that eggs are now laid under colder weather conditions 
under which foraging efﬁ  ciency is low (Avery and Krebs 1984) and energetic costs high 
(Stevenson and Bryant 2000). 
To distinguish between the cue hypothesis and the constraints hypothesis as explanations 
for the lack of advancement of egg laying in the great tit, ﬁ  tness consequences of egg 
laying have to be studied experimentally (Fig. 2). Such experiments need to be done on 
free living birds, because only wild birds pay the costs of foraging and are subject to 
predation. Increased energetic costs during egg laying can lead to a reduced ability to 
provision the chicks (Monaghan et al. 1998) and can affect female survival (Visser and 
Figure 2. Predictions of the effect of experimentally advancing laying date (indicated by the arrow) 
on ﬁ  tness (half the number of surviving offspring and the female’s own survival). Note that the curves 
depict the ﬁ  tness an individual females. Individuals who are constrained currently lay at the optimal time. 
Advancement of egg laying would lead to an increase in ﬁ  tness costs (reduced female survival) compared 
to ﬁ  tness beneﬁ  ts of being better matched with the food peak (higher recruitment rate). Under the cues 
hypothesis the ﬁ  tness of the experimentally advanced animals will be increased as a result of increased 
synchrony with the food peak (Visser et al. 2012).
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Lessells 2001). Supplementary feeding is not a suitable method for studying ﬁ  tness ef-
fects of early egg laying, as it might increase, not decrease, female survival. Somehow, 
birds have to be tricked into early egg laying with the consequence of paying the full 
energetic costs associated with early laying. If the timing of breeding is energetically 
constrained, the ﬁ  tness (half the number of recruits and female’s survival combined) 
is expected to be lower compared to control birds. This is the result of decreased adult 
survival that could results from the increased energetic investment required to lay eggs 
earlier, under harsher conditions.
REDUCING ENERGETIC REQUIREMENTS DURING EGG LAYING
When advancing egg laying is energetically restricted, natural selection will favour strat-
egies that reduce the usage of energy because it would allow an earlier onset of egg 
laying. Selection could for example favour smaller body mass, since larger bodied birds 
require more energy for body maintenance (Kendeigh 1970). When food is scarce early 
in the season it might only be possible for relatively small birds to start egg laying. 
Haywood and Perrins (1992) showed that early egg laying females are indeed generally 
smaller than later laying females. Analyses of long term data sets show that birds have 
become smaller in size and body mass (Yom-Tov 2001, Teplitsky et al. 2008, Husby et 
al. 2011) over the course of a few decades. These changes follow Bergman’s rule which 
states that species living in warmer environments are smaller in body size. However, 
these changes might alternatively be the result of evolutionary adaptation to deteriorat-
ing conditions during egg laying. If natural selection favours early breeding, but condi-
tions during the early stages of reproduction (development period of gonads and egg 
laying) are harsh, reducing body size would result in a lower energetic expenditure and 
breeding could commence earlier. If the reduction of body mass is a consequence of 
selection for earlier egg laying, then populations in which selection for early egg laying 
is strongest would show the largest reduction in body size, independent of latitude.
The energetic requirements of egg laying can also be reduced by a reduction of egg 
size. Only one long term data set exists. Tryjanowski et al. (2004) showed that egg size 
of red-backed shrikes (Lanius collurio) decreased over the 33 year study. Unfortunately, 
no information is given about selection for early breeding.Chapter 1
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BOX 1. STUDY SITE & SPECIES
In 1955, Kluijver started a project on the effects of habitat type on the breeding biology 
and population dynamics of great tits. For this, he erected nest boxes in four locations, 
including the Hoge Veluwe and Oosterhout. National Park ‘De Hoge Veluwe’ (52° 02’ 
07” N 5° 51’ 32” E) is a mixed forest on poor sandy soils, while Oosterhout (51° 52’ 
22” N 5° 50’ 22” E) is a deciduous forest on rich river clay. Throughout the study, nest 
boxes have been provided at a sufﬁ  cient density that there are always some unoccupied 
nest boxes. This means that in good (deciduous) patches of habitat the density of nest 
boxes is higher than in poor (evergreen) habitat. The timing of egg laying and breeding 
success have been monitored in great detail, and we still use the same protocol to moni-
tor all bird species that breed in the nest boxes. With over 55 years of data on breeding 
birds, and many years of measurements of caterpillar availability, the Department of 
Animal Ecology of the Netherlands Institute of Ecology (NIOO-KNAW) possesses 
one of the most impressive long term data sets on breeding success of a wild bird spe-
cies. These data have been crucial in investigating effects of climate change on a wild 
bird species.
Great tits (Parus major; see cover) are the commonest of the bird species breeding in the 
nest boxes. They are a small passerine (~18 gram), and are a generally resident, wide-
spread and common species throughout Europe, the Middle East, Central and North-
ern Asia and parts of North Africa. Like most bird species, their reproduction is timed 
to match peaks in local abundance of the food with which their nestlings are fed (often 
lepidopteran caterpillars in temperate forests in Europe). The average clutch size is 9 
eggs, although clutches of 15 eggs are occasionally produced. Only the female incubates 
and both parents feed the nestlings. Some great tit pairs attempt to raise a second brood 
within the same breeding season, however this proportion has decreased as a result of 
climate change over recent decades.
The timing of the caterpillar peak has advanced by -0.75 days year-1 in the Hoge Ve-
luwe (1985- 2010) and -0.63 days year-1 in Oosterhout (1986-2004) (data not presented). 
Average laying date (Fig. B1) of great tits has advanced, but not sufﬁ  ciently to match 
the advancement of the caterpillar food peak (Hoge Veluwe: slope = -0.27 days year-1; 
P<0.0001; Oosterhout: slope = -0.22 days year-1; P<0.0001). As a result, selection for 
earlier breeding has intensiﬁ  ed in the Hoge Veluwe but has returned to stable selection 
in the most recent years (linear regression of standardized selection gradients on year 
(weighted by 1/SE2): βyearHV = -3.26, βyearHV2 = 0.00082, year2: t36 = -2.44 P = 0.012; bot-
tom panel). In Oosterhout, there is overall selection for early breeding (mean = -0.23 General introduction
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t37 = -4.182 P = 0.0002). Statistically there is no change in the strength of selection for 
early breeding as non-linear year trends are almost, but non-signiﬁ  cant (slopeyear OH = 
-4.42; slopeyear OH
2 = 0.0011, year2: t35 = 2.013, P = 0.051). Point size in the lower panels 
reﬂ  ects the number of breeding pairs per season for which subsequent recruitment of 
chicks to the breeding population could be measured.
Figure B1. Average laying date (top panels) and standardized selection gradients (bottom panels) of great 
tits (Parus major) in Hoge Veluwe and Oosterhout. Point size in the bottom panels reﬂ  ects the weight in the 
analyses based on the standard error around the standardized selection gradient (larger dots resemble small 
standard errors and thusmore weight in the analysis).
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RESEARCH OBJECTIVES AND THESIS OUTLINE
The main objective of the research presented in this thesis was to determine if advanc-
ing egg laying is energetically constrained. Most of the experiments were carried out in 
the ﬁ  eld, as only free living birds pay (energetic) costs for foraging and reproduction.
Food availability in the period before egg laying is likely to be an important factor af-
fecting timing of egg laying. However, very little is known about the food availability in 
terms of either quality or quantity. In Chapter 2 we show the results of simultaneously 
monitoring insect availability and habitat use of female great tits using radio telemetry, 
during the (pre-)laying period. 
Although the timing of egg laying has been under directional selection for decades, 
variation in timing of egg laying still exists. This variation might be maintained by vari-
ation between females in the energetic costs of egg laying. In Chapter 3 we compared 
daily energy expenditure (DEE; Box 2) during egg laying of early- and late- females. 
By studying DEE late in the laying sequence of early-laying females with that early in 
the laying sequence of late-laying females, we could compare the DEE of early- and 
late-females measured on the same date, and thus control for any seasonal effects such 
as temperature or food availability. In order to measure DEE, birds have to be injected 
with doubly labelled water. Catching birds at the nest during the early stages of breeding 
often leads to desertion. To minimize this we developed the catching method described 
in Chapter 4.
Although it is intuitive that work rate during chick feeding increases when food 
conditions deteriorate, results of previous studies are mixed. A relationship between 
DEE during chick feeding and food availability could be masked by variation in DEE 
between individual females. In Chapter 5 we describe a cross-fostering experiment to 
study the effect of food availability on energy expenditure within female great tits.
The optimal time for reproduction is when the net ﬁ  tness beneﬁ  t (beneﬁ  ts – costs) 
associated with timing are maximised (= net ﬁ  tness costs minimised). When ﬁ  tness 
costs of earlier egg laying are high and would therefore affect parental survival rates, 
the best strategy might be to time reproduction later than would maximise reproductive 
success (i.e. the ﬁ  tness gain via your nestlings). We explore this hypothesis of adaptive 
mismatch in Chapter 6.
To understand the ﬁ  tness consequences of advanced egg laying we need to manipu-
late timing of egg laying. Supplementary feeding experiments are not sufﬁ  cient as they 
relaxing the costs associated with advanced egg laying and therefore might affect ﬁ  tness 
consequences of early egg laying. In Chapter 7 and 8 we describe two experiments 
in which we attempted to advance egg laying. Birds in aviaries under long day lengths 
breed in winter. In Chapter 7 we describe a combination of aviary and ﬁ  eld experiment 
where we kept females under one day of 20 hours of light in order to stimulate gonadal General introduction
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development and studied its effects on the timing of egg laying.
In Chapter 8 we describe a ﬁ  eld experiment in which we attempted to affect the 
timing of egg laying by implanting a pellet that slowly releases a hormone called leptin. 
Leptin is associated with fat storage in mammals and has been shown to affect life-
history decisions in birds. The results of this and the above chapters are then discussed 
in Chapter 9.
BOX 2. MEASURING ENERGY EXPENDITURE IN FREE LIVING ANIMALS
Energy expenditure in free living animals can be measured using the doubly labelled 
water technique (Speakman 1997). This technique makes use of two stable isotopes: 
2H and 18O. Water enriched with both these isotopes (‘doubly labelled water’; DLW) is 
added to the total body water pool of the study animal by injection or oral administra-
tion. Once the DLW is spread evenly within the body water, which takes about an hour 
depending on the size of the study animal, an initial blood sample is taken. Ideally, the 
second blood sample is taken exactly 24 hours after the initial blood sample. The rates at 
which the isotopes are eliminated from the body allow the calculation of the amount of 
energy expended. Both oxygen and hydrogen atoms leave the body in the form of water 
vapour via the breath and faeces. In addition, oxygen leaves the body as CO2, which is a 
by-product of cellular respiration. It is the CO2 production that is directly linked to en-
ergy expenditure. The amount of CO2 respired is therefore proportional to the differ-
ence in decay rate of the 18O and 2H enrich-
ment levels in the total body water times 
the amount of total body water.  Thus, in 
order to calculate energy expenditure over 
a certain period of time we need to know 
the (average) TBW and the concentrations 
of 2H and 18O at two points in time (initial 
and ﬁ  nal), from which the decay rate is cal-
culated. If the time between the initial and 
the ﬁ  nal sample taken from the animal is 
24 hours apart, this is termed the daily en-
ergy expenditure (DEE). DEE is the sum 
of energy expended during 24 hours and 
thus includes for example metabolic costs 
for body maintenance, thermoregulation, 
foraging and egg production (but excludes 
the energetic content of the egg itself). 
Blood sampling a female great tit for isotope 
analysis. A brachial vein is punctured from which 
the blood is collected in capillary tubes. Bleeding 
is stopped with a piece of cotton wool (photo 
Simone L. Webber).Chapter 2
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THE QUEST FOR PROTEINS IN THE PRE-
LAYING PERIOD: GREAT TITS’ FORAGING 
BEHAVIOUR MATCHES THE TEMPORAL 
VARIATION IN INSECT ABUNDANCE
Luc te Marvelde
Martijn Versluijs
Marcel E. Visser
SubmittedChapter 2
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ABSTRACT
Seasonal timing of reproduction is a key life-history trait with ample ﬁ  t-
ness consequences. Understanding selection on timing is thus of key in-
terest, especially as global climate change has disrupted the phenological 
match between species within a food chain. Avian reproduction is ener-
getically costly and requires an energy and protein rich diet. It is therefore 
likely that the timing of reproduction in forest birds is affected by insect 
availability in the period before and during egg laying. However, little is 
known about the abundance and phenology of insectivorous prey in this 
period. We monitored changes in insect abundance in the period before 
egg laying using different insect trapping methods under ﬁ  ve tree species. 
We also monitored foraging behaviour of female great tits (Parus major) 
via radio telemetry during eight weeks before egg laying. We show that (1) 
overall food availability increases over the period prior to laying but this 
seasonal trend differs between taxonomic insect groups and tree species 
(2) at higher temperatures more insects are trapped, (3) female great tits 
vary the set of tree species they forage on in the period prior to laying, 
and (4) this change is partly correlated to the temporal variation in insect 
abundance in these tree species. Furthermore, the observed steep increase 
in insect availability after a period of low insect abundance coincided with 
the start of egg laying in great tits. We identiﬁ  ed the insect species that 
are likely to be an important protein source in the pre-laying period which 
opens up the exciting possibility of assessing the effect of temperature on 
the phenology of these key insect species. This way, the consequences of 
climate change on the relevant insect phenology in the pre-laying period 
can be forecasted, essential for our understanding how avian seasonal tim-
ing will be impacted by climate change.
Keywords food availability, insect, timing of  reproduction, radio tracking, Parus 
majorThe quest for proteins
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INTRODUCTION
Variation in the seasonal timing of reproduction within and between species is a cen-
tral theme in evolutionary ecology. Reproduction is considered the most energetically 
demanding period of the annual cycle for many species (Carey 2009). Understanding 
factors affecting timing of breeding is currently especially important as climate change 
affects timing of reproduction of many species (Parmesan and Yohe 2003). Many for-
est bird species like the great tit (Parus major), time their reproduction so that the period 
during which most food is required by the nestlings overlaps with the period of highest 
food availability. In temperate forests this peak in food abundance consists of caterpil-
lars which are only available for a short period of time. The timing of the caterpillar 
food peak depends on the temperature in spring; cold springs lead to late food peak 
whereas warm springs lead to an early food peak. As spring temperatures have consist-
ently increased over the last few decades, the timing of the food peak advanced over 
this period (Visser et al. 1998). Timing of reproduction of many bird species did not 
advance as much as the advancement of the food peak leading to a mismatch between 
energy requirements and energy availability during chick feeding (Visser et al. 1998, 
Both et al. 2009, Carey 2009, Visser et al. 2012). Mismatched timing of reproduction 
leads to an increase of energy spent by parents to feed the nestlings (Thomas et al. 2001, 
te Marvelde et al. 2011a) and a reduction of recruitment of ﬂ  edglings to the next gen-
eration (Visser et al. 1998) and can even lead to local extinction of populations (Both 
et al. 2006, Carey 2009). 
Whereas some bird species (like some geese species or zebra ﬁ  nches (Houston et al. 
1995) are able to store fat which they then use as a source during reproduction, many 
(mostly smaller) animals, so called income breeders, are not able to store large amounts 
of fat and thus depend on daily food intake for reproduction (Drent and Daan 1980, 
Jonsson 1997). The timing of egg laying for income breeders is likely to be restricted by 
food availability in the period before reproduction as egg production, or physiological 
adjustments associated with it, is energetically costly (Ricklefs 1974, Walsberg 1983). 
One hypothesis as to why egg laying has not advanced adequately is that egg laying is 
energetically restricted. Egg laying is done up to ﬁ  ve weeks before the caterpillar food 
peak, thus energy needed for egg laying should come from a different source. Birds 
need protein for egg production and these most likely originate from insect prey. As 
daily protein intake largely depends on insect availability, the timing of egg laying is 
therefore likely to be affected by insect availability in the period before egg laying. As 
the developmental rate and thus phenology of insect eggs depends on temperature 
(Musolin 2007), or insects overwintering in the ground appear to reproduce themselves, 
insect abundance to predators is likely to change during early spring.
In the Netherlands, temperatures during the egg laying period have not increased 
as much as temperatures later in the season and therefore conditions during egg laying 
have not improved over the last few decades. Advancing egg laying would therefore Chapter 2
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result in egg laying under colder conditions, which increases energetic costs (Kendeigh 
et al. 1977, te Marvelde et al. 2011b) and decreases foraging efﬁ  ciency (Avery and Krebs 
1984) , thus increasing the workload. As increased workload during egg laying reduces 
female survival (Visser and Lessells 2001) and can reduce the caring capacity during 
chick feeding (Monaghan et al. 1998), increased costs in during egg laying lead to a 
reduction in ﬁ  tness. As a consequence the ﬁ  tness beneﬁ  ts of early egg laying (better 
match between food peak and offspring energetic needs) might not exceed the ﬁ  tness 
costs of early egg laying (ﬁ  tness costs associated with the increased energetic costs of 
egg laying under unfavorable conditions), therefore the birds might be adaptively mis-
matched (Visser et al. 2012).
Although many studies have measured food availability during the nestling period, 
we do not know of any study on forest passerines in which food availability before egg 
laying was measured. Although the importance of knowledge about food availability in 
the period before egg laying is acknowledged in literature (Perrins 1996), surprisingly 
little known about it. Most of what we do know on diet in the period before and dur-
ing egg laying of various tit species comes from a paper by Betts (1955). She collected 
tits from the Forest of Dean (UK) and showed that the insects found in the gizzards 
of two great tits caught in March were 35% Coleoptera imagines, 26% Hymenoptera 
imagines and 10% Hymenoptera pupae, 9% Diptera pupae, 7% Lepidoptera larvae, 5% 
Hemiptera and Heteroptera, and 8% other insects. Gizzard composition of 13 great tits 
caught in April showed that their arthropod diet consisted of Diptera imagines (57%), 
Coleoptera imagines (24%), Hymenoptera imagines and 8% ‘other’ insects. A study of 
tree use of tits in the UK (Gibb 1954) shows that great tits observed in the months 
March and April mostly use hazel, less on elder and occasionally on beech, hawthorn, 
birch, maple and willow. Both studies present monthly data and it is therefore difﬁ  cult 
to detect key insect species that can function as a protein source for egg laying. Unfor-
tunately, data on insect availability in the wild is lacking completely.
Temperature is an important factor in insect availability for predators like small for-
est birds. Temperatures need to rise above a certain threshold for insects to get active 
(Mellanby 1939). Temperature can therefore indirectly affect foraging success. For ex-
ample, Avery and Krebs (1984) showed that with increasing temperatures foraging ef-
ﬁ  ciency of great tits increased as insect activity and thus detectability increased. Besides 
the effect of temperature on insect activity, temperature affects the developmental rate 
of insects and therefore their phenology. For example, in years with warm springs the 
caterpillar food peak occurs early compared to colder springs (Visser et al. 2006). This is 
caused by a faster developmental rate at higher temperatures. Similar patterns are likely 
to be true for the phenology of insects which are used in the period before egg laying, 
however, nothing is known about this. Knowledge of how the phenology of key insect 
species for forest birds is affected by temperature could shed light on our understanding 
how avian seasonal timing will be impacted by future climate change.The quest for proteins
23
The aims of this study were therefore 1) to describe which insects of which taxonomic 
order are available to foraging female great tits and how their abundance changes over 
the period before egg laying, 2) to describe the effect of temperature on the numbers 
of insects trapped, 3) to describe how the total insect abundance changes in the period 
before egg laying, 4) to describe what tree species are used by female great tits in the 
period before egg laying and how tree use changes during this period and 5) to correlate 
changes in tree species use with changes in abundance of possible insect prey and 6) to 
link insect abundance to the start of egg laying in great tits.
METHODS
Food availability and habitat use of female great tits (Parus major) in the period before 
egg laying were monitored in the Hoge Veluwe study area in 2010 (52° 02’ 07” N 5° 51’ 
32” E). The Hoge Veluwe study area is part of a large forest area and consists of 171 
ha mixed woodland on poor sandy soils, dominated by oak (Quercus robur), American 
oak (Quercus rubra), larch (Larix decidua), birch (Betula spp.) and pine (Pinus sylvestris) with 
about 400 nest boxes.
Insect availability
Food availability was monitored from the second week of March 2010 till the third 
week of April. For this, walking and ﬂ  ying insects were caught using sticky sheets and 
pitfall traps in and below 25 trees (7 oaks, 4 American oaks, 5 larches, 4 birches, 4 pines). 
Branches were collected on the 20 locations that were accessible by car. Insects larger 
than 2mm were grouped into taxonomic orders, sorted by size (2-5mm, 5-10mm, 10-
15mm, >15mm) and counted.
Sticky sheets
Between March 15th and April 22nd (= March 53rd), ﬂ  ying insects in the canopy of each 
of the 25 selected trees were captured using Horiver sticky sheets (10 x 25cm yellow 
Figure 2.1. Schematic overview of 
the breeding season. This paper will 
deal with food availability in the period 
before egg laying.Chapter 2
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plastic sheets with glue based on artiﬁ  cial raisins on both sides; commonly used in 
greenhouses; Koppert BV, Netherlands). Sticky sheets were hung at about 7 meters 
above ground level in the lower part of the canopy using an altered telescopic ﬁ  shing 
rod. All insects caught on sticky sheets were counted and removed three times a week. 
Sticky sheets were replaced when necessary. From this we calculated the number of 
insects per day.
Pitfall traps
Between March 15th and April 22nd (= March 53rd), walking insects on each of the 25 
locations were monitored using walk in pitfall traps buried in the ground and ﬁ  lled with 
~40% ethanol (three per location; one meter apart). Each trap had a roof to prevent 
rain from ﬂ  ooding the trap and from debris falling in. Insects caught in pitfall traps were 
counted and removed every 2 or 3 days (3 times per week). All insects were divided into 
taxonomic groups and counted per size category on the spot; 2-5mm, 5-10mm, 10-
15mm, >15mm. From this we calculated the number of insects per day.
Branch sampling
Between March 18th and April 20th (= March 51st), branches of 20 trees were sampled 
weekly for insect abundance with the use of a crane with a 12m long arm. A 1000 liter 
bag was attached to a plastic hoop of 70cm in diameter to keep the bag open. The crane 
pulled by a ﬁ  eld car was positioned and the target branch was selected from the ground. 
Once up, the bag was swung quickly over the branch and was closed after which the 
branch was cut off. This method targets walking insects as well as ﬂ  ying insects sitting 
on the branches. Two branch samples were taken at each tree every sampling occasion. 
Branch samples were transported to the Netherlands Institute of Ecology where insects 
were divided into taxonomic groups and sorted on size within 24 hours. Also, total 
length of the branch (including the length of all side branches) was measured. From 
this we calculated the number of insects per meter branch.
Energy availability
Insects collected in 2009 (separated in the same taxonomic groups and size classes) 
were counted and dried at 60˚C for 24h to get an estimate for dry weight per insect 
per taxonomic group per size class (unpublished data L. te Marvelde). For the data 
presented in this paper, insect counts were multiplied with the estimated average dry 
weight per taxonomic order and size class, and summed per sampling unit (per pitfall, 
per sticky sheet or per branch). Total insect availability was calculated by multiplying the 
dry weight of insects with their energetic content found in literature (Appendix 2.1). 
We then averaged the energy content per location and divided it by the number of days 
sampled in order to get kJ per day per pitfall trap/sticky sheet/meter branch for each 
of the ﬁ  ve tree species.The quest for proteins
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Habitat use
During a nest box inspection in the night of March 10th 2010, 24 female great tits 
were equipped with a light weight radio transmitter (DB-2, ~0.7g, Holihil Systems 
Ltd., Canada). Radio transmitters were ﬁ  tted as backpacks, allowing easy removal when 
birds were caught later in the season feeding nestlings. Individual frequencies of the 
transmitters allowed us to follow individual females using a three element Yagi antenna 
(Biotrack, UK) in combination with ICOM IC-R10 or ICOM IC-R20 radio receivers. 
Females were tracked between March 11th and April 17th (= March 48th). We attempted 
to follow each female for a period of 30 minutes each day. Each minute of the observa-
tion we recorded activity (foraging, preening or resting), tree species, and height in tree 
(0 if on ground). We also tried to identify prey species, but this appeared to be very dif-
ﬁ  cult. Females were observed using a Swarovski EL 10x42 or Nikon 10x42 binoculars. 
As much information as possible was recorded each minute; for example, a bird could 
have been out of vision while the radio signal would still come from the same tree, then 
tree species was recorded, but not height or activity. All information, including location, 
was recorded via a voice recorder, allowing both hands free for the radio antenna and 
binoculars. After every observation, all information was written down on ﬁ  eld forms. 
Statistical analyses
Insect availability
We used linear mixed models (lme function in nlme package) in R version 2.10.1 (R 
Development Core Team 2009) to describe changes in insect availability, with trapID 
nested within treeID as random effects to account for repeated measurements per tree 
and having multiple traps per tree. We added date as random factor in the model to ac-
count for over-dispersion. To account for the duration of the sampling period (which 
varied between 41 and 74 hours), we added sampling duration (in days) as offset in the 
model. All model estimates will therefore reﬂ  ect changes in insect numbers per day. We 
ﬁ  rst analyzed if insect counts changed throughout the study period and if this change 
depended on the tree species. When then ran post-hoc tests to test for a possible date 
effect for all individual insect and tree species combinations. To study the effect of tem-
perature on the number of insects found we explored if temperature had an additional 
effect besides the date effect by adding the average temperature during the sampling 
period to the model as an explanatory variable. 
Total energy content
Total energy content was analyzed using linear mixed models with a Gaussian error 
structure, location as a random effect, sampling period in days as offset and date and 
date2 and its interaction with tree species as explanatory variables. Additionally, we test-
ed for each of the three methods used per tree species if total energy content changed 
over the study period and what the shape of this relation was (linear or non-linear). Chapter 2
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Tree use
We used linear mixed models with binomial error structure and female identity as ran-
dom effect to analyze changes in tree use of the study period with date and date2 as 
explanatory variables. We ran separate analyses for each of the seven tree species used 
by great tit females and for ground use.
RESULTS
Insect availability
Between 15 and 53rd of March (2010) insects in the canopy were monitored using sticky 
sheets and branch sampling and insects on the ground were monitored using pitfall 
traps. In total, sticky sheets caught 19,050 insects, pitfall traps caught 20,594 insects 
and on the branch samples we found 846 insects all of which we could divide into 10 
taxonomic orders (see Table 2.1).
Sticky sheets
Overall, the number of ﬂ  ying insects caught in the canopy using sticky sheets increased 
during the season (date as only variable in the model: χ2
1 = 8.67 P = 0.032). The ef-
fect of date differed between tree species (interaction date*tree species: χ2
4 = 410.29 P 
<0.0001). Within tree species, the effect of date depended on the insect species found 
(interaction date*tree species*insect species: χ2
8=314.32 P <0.0001, Fig. 2.2). Individual 
Table 2.1. Composition of insects caught in pitfall traps, sticky sheets and branch samples (in %).
PITFALL 
TRAPS
STICKY 
SHEETS
BRANCH 
SAMPLES
Bees, ants, sawﬂ  ies and wasps 2.2 11.9 0.2
Beetle larvae 4.4 0 0
Beetles 40.0 0 0.8
Bugs 0.3 0 0
Moths (adult)  0.8 4.2 0.7
Moths (larvae) 0 0 80.5
Earwigs 1.8 0 0.1
Millipedes and centipedes 3.7 0 0.2
Snails and slugs 1.3 0 0
Spiders 29.0 0 15.4
True ﬂ  ies 10.8 83.9 1.4
Others 5.7 0 0.6
Total number of insects caught 20,594 19,050 846The quest for proteins
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regression lines of each pair of tree species and insect species can be found in Appen-
dix 2.2 and 2.3 .Most abundant species found on sticky sheets were moths, true ﬂ  ies and 
wasps. Moths, most likely of the genus Agriopis, were mostly found in oak trees. Moth 
numbers decreased throughout the season and the rate of decrease differed between 
tree species (date*tree species interaction (moth data only) χ2
4 = 11.34 P = 0.023). The 
Figure 2.2. Examples of trends of insect abundance and their temperature effect for two insect groups 
and two tree species to show that seasonal trends as well as temperature sensitivity can differ between insect 
and tree species. Black lines represent the model prediction for the date effect for average temperatures 
(8.5˚C). Red lines show date effects for the maximum daily temperature (13˚C) and blue lines show date 
trends for daily minimum temperatures (5˚C). Temperature does affect true ﬂ  y (Diptera) abundance while it 
does not affect the number of moths (Lepidoptera) caught. Numbers of true ﬂ  ies caught on oak and birch 
are equal whereas moth of more caught on oaks compared to birch trees. Graphs and results of regression 
analyses of all individual combinations of insect groups and tree species can be found in Appendix 2 to 7.
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number of true ﬂ  ies caught on sticky sheets was low at the beginning of the study 
period and increased towards the end of the study period (χ2
1 = 12.67 P = 0.0004). 
The rate of increase differed between tree species (date*tree species interaction (true 
ﬂ  y data only): χ2
4 = 580.8 P < 0.0001), probably caused by the fact that true ﬂ  ies were 
most abundant on oaks and birch trees. The number of wasps caught on sticky sheets 
increased throughout the season (χ2
1 = 23.7 P < 0.0001). The rate of increase depended 
on tree species (χ2
4 = 328.7 P < 0.0001), with most wasps found on birch trees.
Branch samples
The branch samples taken between the 18th and 51st of March contained remarkably 
few insects. Apart from the occasional moth on oak samples in early March (in accord-
ance with moth abundance found on sticky sheets) we found some spiders and moth 
larvae. Overall, 0.11 ± 0.003 (mean ± SE) spiders were found per meter branch. Spiders 
were most abundant in the evergreen tree species (pine and larch) and less abundant in 
deciduous tree species (oak, american oak and birch). Spider abundance did not change 
during the sampling period (date: χ2
1 = 0.95 P = 0.33). Larvae of the Western Larch 
Case-Bearer (Coleophora laricella) were found on Larch branches exclusively. They ap-
peared after the sampling period at the 37th of March and abundance increased rapidly 
till 4.6 ± 0.8 (mean ± SE) per meter branch (Appendix 2.6 and 2.7). 
Pitfall traps
Overall, the number of insects caught with the pitfall traps burrowed in the ground 
did not change throughout the study period (date as only variable in the model: χ2
1 = 
0.96 P = 0.328). However, seasonal trends differed between individual taxonomic insect 
orders (date * insect order interaction: χ2
10 = 7627.2 P < 0.0001; Appendix 2.4 and 2.5). 
Individual regression lines of each pair of tree species and insect species can be found 
in Appendix 2.4 and 2.5.
Temperature effect on insect abundance
Overall temperature affected half the taxonomic insect groups caught (Table 2.2). The 
temperature effect was positive in almost all cases (see Appendix 2.3, 2.5 and 2.7); 
higher temperatures led to higher numbers of insects caught, independent of any sea-
sonal trend. 
Energy availability
By expressing all insects into energy content (see methods) we were able to sum insects 
from different taxonomic orders to get insight in how total insect abundance is chang-
ing throughout the period before egg laying. Although the absolute total energy content 
can not be compared between the different methods used, patterns can be compared. 
Sticky sheetsThe quest for proteins
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Energy content of the insects caught on the sticky sheets show a non-linear concave 
relationship over date (Fig. 2.3a). Energy content shows a clear dip from March 29th till 
March 36th. The change of total energy content throughout the study period differed 
per tree species (tree species * date and date2: χ2
8 = 20.0 P = 0.01).  Post-hoc analyses 
show that non-linear relationship between total energy content and date exists for oak 
and a trend in birch (Appendix 2.8). Total energy content of insects in larch increased 
linearly with date and did not change over the study period for American oak and pine.
Pitfall traps
The change of total energy content per pitfall per day throughout the study period dif-
Table 2.2. Overview of the effects of date (D) and the additional effect of temperature (TD) on the 
abundance of various insects found on the sticky sheets, pitfalls and branch samples. D: signiﬁ  cant date 
effect, TD: signiﬁ  cant temperature effect in addition to a date effect; -: no effect of date. Empty cells: no 
or not sufﬁ  cient data.
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fered per tree species (tree species * date and date2: χ2
8 = 17.1 P = 0.029, Fig. 2.3b).  No 
change in energy content per pitfall over the study period was found in larch and pine. 
Energy content decreased over the study period in the oak and birch. The total energy 
content in American oak tended to decrease.
Branch samples
The change of total energy content per meter branch throughout the study period dif-
fered per tree species (tree species * date and date2: χ2
8 = 65.76 P < 0.0001, Fig. 2.3c). 
No change of the total energy content per meter branch was found in oak, birch and 
pine. Total energy content in American oak initially decreased with date and increased 
at the end of the study period. However, overall energy content in American oak is low. 
Larch showed an exponential increase in energy content over the study period.
Habitat use by great tit females
Monitoring of tree use of 24 radio tagged female great tits resulted in 13,843 observa-
tion minutes. We followed on average 11.8 ± 4.9 (SD) females per day. On average each 
female was followed for 476 minutes (7h 56m). Tree species was recorded on 9,363 
observation minutes.
The use of speciﬁ  c tree species by female great tits changed throughout the observa-
tion period (Fig. 2.4; Table 2.3). For all tree species, tree use is best described as a non-
linear function of date, except the category ‘other tree species’ which increase linearly 
throughout the observation period (Table 2.3). Oak, birch, pin and larch are the main 
tree species used, while females were only occasionally found on American oak, beech, 
spruce and ‘other tree species’. In the beginning of the study period females spend 
Figure 2.3. Energy content of all insects (>2mm) caught per tree species for a) sticky sheets, b) pitfall traps 
and c) branch samples.
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most of their time on larch, oak and to a lesser extent on pine. The use of these species 
then decreased while the use of birch increased, and also more birds were found on the 
ground. By the end of the observation period (before eggs laying) larch and to a lesser 
extend pine trees were the mostly used tree species.
Figure 2.4. Changes in tree use by female great tits in the period before egg laying (March 11th – March 
48th); a) stacked bar graph of the raw data; b) model estimates of a mixed model with binomial error 
structure and female ID as a random effect.
Table 2.3. Results of statistical linear mixed models with binomial error structure of changes in tree use by 
female great tits (Parus major) in the period before egg laying.
Tree species intercept date date2 df Chi P
Oak -1.438 0.062 -0.002 1 37.44 <0.0001
Am oak -4.333 0.094 -0.003 1 22.22 <0.0001
Birch -9.652 0.561 -0.009 1 453.14 <0.0001
Beech 0.182 -0.404 0.007 1 49.46 <0.0001
Larch 2.553 -0.35 0.006 1 259.54 <0.0001
Pine -1.642 -0.03 0.001 1 10.35 0.0013
Spruce -2.332 -0.1 0.002 1 10.64 0.0011
Ground -21.397 1.082 -0.016 1 126.34 <0.0001
other -6.655 0.044 N.S. 1 14.68 <0.0001
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Habitat use vs. food availability
Female great tits of the Hoge Veluwe study area mainly used larch, oak, pine and birch 
in the period before egg laying. A large proportion of females was found on oak trees 
in the beginning of the study period. During the observations, we saw them foraging 
on adult moths, which were also caught in great numbers on the sticky sheets in oak 
trees. Adult moths are almost the only identiﬁ  able prey species as the falling moth wings 
which are removed before eating the moth are conspicuous. The decrease in oak use 
coincides with the decrease in moths caught on the sticky sheets. Female great tits were 
also intensively using larch and pines in the beginning of the study period. Although 
spotting individual birds in these tree species is difﬁ  cult, at this time we almost always 
found them foraging on larch and pine cones. The use of larch quickly decreased from 
the beginning of the study period and increased again towards the end of the study 
period. During the end of the study period, female great tits did not forage on the larch 
cones anymore, but rather hopped from branch to branch, most likely (although this 
was difﬁ  cult to see) foraging on the larch case bearer larvae (which we found in great 
numbers on the branch samples of larch exclusively). The use of pine tree increased 
throughout the study period. Because pine trees are dense it was often not possible to 
see the focal birds. It is possible that they foraged on seeds in the cones, however, it is 
striking that at that time also insect densities per meter branch were overall higher in 
evergreen compared to deciduous tree species. During the dip in insect abundance (or 
total energy content; between March 29th and March 36th) female great tits could be 
found foraging on birches. Female great tits were foraging on the birch closed buds (or 
something unknown inside the buds) but could also often be found low on the base 
Figure 2.5. Histogram of laying dates 
(of the ﬁ  rst egg of the clutch) of the ﬁ  rst 
breeding attempt of all great tits in the 
Hoge Veluwe study area in 2010 (n = 119 
broods).
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of the trunk of the birch tree pulling the moss. Female great tits only foraged on the 
ground during the temporal insect dip. Occasionally females were found on American 
oak, spruce and beech trees. 
DISCUSSION
As egg laying is energetically and nutritionally expensive, it is likely that timing of re-
production in forest birds is restricted by insect availability in the period before and 
during egg laying. We monitored temporal variation in insect abundance and tree use 
by female great tits in the period before egg laying. Although it has been advocated and 
acknowledged that knowledge on food abundance in the period before egg laying is an 
essential component for our understanding of avian seasonal timing, to our knowledge 
very few studies have aimed to quantify this (but see Eeva et al. 2000). We have shown 
that insect abundance changed in the period before egg laying and that a passerine bird 
species adjusted its foraging behaviour according to the temporal variation in this food 
availability. Interestingly, the increase in insect availability after a period of low insect 
availability coincided with the start of the great tit egg laying period (Fig. 2.3 and Fig. 
2.5). These results suggest that the phenology of insect availability in the pre-laying 
period is important for the timing of reproduction in birds.
Methodological discussion
We showed that insect abundance changed during the period before egg laying and 
showed that some insect groups showed no seasonal pattern, some insect showed a sea-
sonal pattern and other insects were caught in higher numbers when temperatures were 
high in addition to the seasonal trend. However, a few notes have to be made:
Except for the branch sampling, our methods to catch insects relied on insect activ-
ity. As temperature affects insect activity (Mellanby 1939) insects are less likely to be 
caught during cold weather. When insect were not caught, it thus does not mean they 
are not present. However, inactive insects are more difﬁ  cult to detect and therefore af-
fect foraging efﬁ  ciency of birds (e.g. Avery and Krebs 1984).
Moths were mainly found in oak trees. It appears that also high numbers of moth 
were caught in the birch trees; however, this effect is due to one speciﬁ  c birch tree 
which is located close to the edge of an oak patch. The moths caught are most likely 
from the genus Agriopis, which are known to use oaks as their primary host species 
(Leraut and Parsons 2009).
Although female great tits foraged in the tree canopy we regularly found surprisingly 
few insects in the branch samples. During the branch sampling we did not see many 
ﬂ  ying insects overall, and therefore we do not believe that ﬂ  ying insects are underrepre-
sented in the branch samples. However, the branch samples were taken from the most 
outer parts of the tree while the female great tits often foraged on the slightly bigger Chapter 2
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branches in the canopy. Perhaps insects are sheltering in the cracks of the bark in the 
larger branches.
The sticky sheets we used to capture ﬂ  ying insects are commonly used in green 
houses where their purpose is to attract insects. The glue on the sheets is therefore 
made from artiﬁ  cial raisins which could attract speciﬁ  c insects. Attracting or distract-
ing speciﬁ  c insects would over- or underestimate the actual number of insects found. 
However, this does not affect the temporal patterns of insect abundance are reliable.
The transmitters stopped working as they ran out of batteries just at the time the 
ﬁ  rst females were building their nests. We therefore have no data on tree use in the days 
before egg laying. In order to lay eggs, the ovary and its follicles have to be developed. 
Repeated laparotomies in captive female great tits have shown that follicles grow rapidly 
between March and April (Schaper et al. 2011). In laying hens, it is known that it takes 
about 17 days for follicles to fully develop with the most rapid growth in the last ﬁ  ve 
days (Gilbert et al. 1983, Perry et al. 1983). Thus, tree use in the days before egg laying 
would have been very interesting. It might therefore be possible that the great tits we 
followed were not collecting proteins to prepare egg laying, but rather collect insect prey 
for energetic reasons since beech nuts were not available.
Tree species use vs. insect availability
We have shown that tree use by female great tits in the period before egg laying partly 
matches the temporal insect abundance. When large numbers of adult moth (from the 
genus Agriopis) were found in oak trees, female great tits were often foraging on moths 
in oak trees. The number of moth caught on sticky sheets is an underestimation of 
the total numbers of moth since females are ﬂ  ightless and therefore not caught on the 
sheets. 
Not all tree use was correlated with insect availability since also seeds of pines and 
larches were often fed upon, of which we did not measure temporal availability. For 
example, many females were foraging on larch trees early in the study period. At this 
time there were not larvae of the larch case bearer yet and we observed them foraging 
on the cones. Pine cones open after a few days of sun and when they open it sounds like 
needles falling on dry leaves. Although we did not systematically record the opening of 
the pine cones it was obvious that the opening of pine cones commenced towards the 
end of the study period. This might have caused the increase of female great tits that 
forages in pines at the end of March and the beginning of April. 
Egg laying is costly in terms of energy but also in terms of nutrition as egg synthe-
sis requires speciﬁ  c amino acids found in animal food (Murphy 1994). For forest birds, 
these amino acids most likely originate from insects. Although we did not measure it, 
it is unlikely that the seeds from larch and pines were depleting since a single shake on 
a larch branch in the beginning of April resulted in hundreds of seeds falling down. It 
is therefore interesting that female great tits started to forage on larch trees at the end The quest for proteins
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of the study period, but did not forage on the cones, but rather hopped from branch 
to branch. Although it is logical that forest birds that need amino acids for egg produc-
tion match tree use based on insect availability, this has not been shown in detail before.
Key insect species as protein source
The aim of our sampling program was to describe the general pattern in arthropod 
food availability for birds in forests. Most insects could be sorted in 10 taxonomic insect 
groups. However, the monitoring of insect abundance in combination with monitoring 
the tree use of female great tits allowed us to identify key insect species which are used 
as protein source and thus whose phenology potentially affects timing of reproduction.
Larch case bearers abundance went up to 4.6 larvae per meter branch. At ﬁ  rst this 
does not seem that much, but larch branches have many side branches. We often did not 
take branch samples longer than 1 meter, but adding up all side branches, the average 
total length of the larch samples was about 15 meters. That means that in one meter 
branch there can be as many as 70 larvae with a total energetic content of ~3.25 kJ. Tak-
ing into account an energy assimilation efﬁ  ciency of 73.9 (± 2.28 SE) % for invertebrate 
prey (Castro et al. 1989) and the energetic content of a great tit egg being about 7 (± 
0.3 SD) kJ (Ojanen 1983), this is a lot of energy available in larch case bearers.  We also 
observed that female great tits often forage on the young larch shoots (<2m height). We 
observed that also these shoots contained a lot of larch case bearer larvae, and perhaps 
contained even more larvae as birds chose to forage on larch shoots instead of in large 
larch trees where we sampled branches. From radio tracking data we also saw that home 
ranges were large and that many home ranges overlapped each other (L. te Marvelde et 
al. unpublished data). Since larch trees are distributed patchily in the study area, we think 
that the use of larch trees is one of the factors causing the large amount of overlap in 
female home ranges in the period before egg laying. We therefore think that the larch 
case bearer larvae is a key source of protein in the pre-laying period. 
Another key species as a possible source of proteins in the period before egg laying 
are true ﬂ  ies (Diptera). Although it was impossible to observe female great tits to actually 
catch ﬂ  ies, studies on gizzard content shows that diptera larvae as well as adults are an 
important part of the diet in March and April (Betts 1955). The increase in total energy 
content of all insects found on the sticky sheets was largely due to the increase in true 
ﬂ  ies. We do not exactly know where the larvae of the diptera can be found, although we 
have found some diptera larvae (besides other insects) in the moss layer on the base of 
birch trees.
Timing of reproduction: Protein rather than energy restriction
One hypothesis as to why great tits have not advanced their timing of reproduction as 
much as the advancement of the caterpillar food peak during the last few decades is 
that egg laying is energetically restricted. However, we observed that females feed on Chapter 2
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the large amounts of seeds available in larch and pine cones. As seeds are rich in energy 
(Salmaso et al. 2009) it is unlikely that advancing the timing of egg laying by female great 
tits is energetically restricted. However, proteins which are needed for egg production 
might be restricting timing of reproduction as great tits are income breeders who rely 
on daily food intake for energy and speciﬁ  c nutrients (Perrins 1996). Our insect moni-
toring showed a dip in insect availability at the end of March in the sticky sheets, and to 
a lesser extent in the pitfall traps. The increase of insect abundance after the period of 
low insect abundance is mainly caused by the increase in ﬂ  ies mainly in oaks and birches 
and the increase of larch case bearer larvae on the larch branch samples. The fact that 
the start of great tit egg laying coincided with the increase in total energy availability 
supports the hypothesis that egg laying is protein restricted.
A supplementary feeding experiment by Nager et al. (1997) was speciﬁ  cally designed 
to distinguish between the energetic or protein restriction by feeding either sunﬂ  ower 
seeds (energy) or mealworms (proteins). If egg laying would be protein rather than 
energy restricted, then great tits with access to mealworms are expected to advance egg 
laying, whereas great tits with access to sunﬂ  ower seeds would have similar laying dates 
compared to non-experimental (non-fed) great tits. Nager and collegues found that sup-
plementary fed great tits advanced egg laying, but saw no difference in timing of egg 
laying between the two treatments. This contradicts with our prediction, however, insect 
availability was never measured in the period before egg laying in their study area in 
Switzerland. Also Schoech et al. (2004) supplementary fed wild Florida Scrub-Jays (Ap-
helocoma coerulescens) with two diets both high in energy content but with a difference in 
protein content. Both supplementary groups advanced egg laying, but the group which 
was fed a high protein diet advanced egg laying more compared to the supplementary 
group which was fed a low protein diet, suggesting that their laying dates were protein 
and energy restricted. A similar experiment in our study population has not been done 
but could yield interesting results.
Future studies
We have shown that egg laying coincided with the rapid increase in insect availability 
after a period of low insect availability. This suggests that egg laying is restricted by 
proteins, however we only have data from one year. Continuation of the monitoring 
program will reveal if this dip in insect availability is a general pattern. If egg laying is 
restricted by proteins like our results suggest, we expect a match between the start of 
egg laying and the increase of insect abundance every year.
This study reveals a few possible key insect species important for egg laying. Future 
research could focus on the effect of temperature on the phenology of true ﬂ  ies and 
larch case bearer to help predicting future effects of climate change. These two species 
are mainly responsible for an increase of insect abundance after the period of low in-
sect abundance.  Changes in the duration of the period between the gap in insect avail-The quest for proteins
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ability relative to the caterpillar food peak can have major ﬁ  tness consequences. This 
period can shorten when temperatures in early spring do not rise while temperatures in 
late spring do rise, resulting in increasingly mismatched timing of reproduction (Visser 
et al. 1998). An increase in mismatch results in ﬂ  edglings of reduced body condition 
(Visser et al. 2006), fewer recruits (Visser et al. 2006) and increase in energy expenditure 
during chick feeding (Thomas et al. 2001, te Marvelde et al. 2011a) with negative effects 
on adult survival (Visser and Lessells 2001). An increase in future early spring tempera-
tures relative to late spring temperatures could restore the possible protein restriction 
for egg laying birds. Studying temperature sensitivity of the identiﬁ  ed key insect species 
will help our understanding of avian seasonal timing and will help forecasting the im-
pact of future climate change.
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APPENDIXES
The quest for proteins in the pre-laying period: 
Great tits’ foraging behaviour matches the temporal 
variation in insect abundanceThe quest for proteins: Appendixes
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Order English 
name
kJ g dry 
mass-1 Reference Species
Lepidoptera 
adults /  
larvae
Butterﬂ  ies 
and moths
23.97
25.15
22.2 ± 0.5
Schroeder 1977
Schroeder 1977
Sato et al. 2011
Hyalophora  ce-
cropia  (larvae)
Pachysphinx  
rnodesta (larvae)
Not speciﬁ  ed
Diptera True ﬂ  ies
25.14 
22.0 ± 0.0
Prakash and 
Pandian 1978
Sato et al. 2011
Sarcophaga banksi
Not speciﬁ  ed
Coleoptera 
adults /  
larvae
Beetles
22.0
21.0
26.4
22.8 ± 0.2
Norberg 1978
Southwood 1966
Southwood 1966
Sato et al. 2011
Curculionidae
Tenebrio molitor
(adult)
Tenebrio molitor 
(larvae)
Not speciﬁ  ed
Arachnida Spiders
22.6
21.51 ± 1.3
21.9 ± 0.2
Norberg 1978
Mitchell and 
Hunt 1984
Sato et al. 2011
Multiple species
Multiple species
Not speciﬁ  ed
Hymenoptera
Bees, ants, 
sawﬂ  ies 
and wasps
22.5 ± 0.0 Sato et al. 2011 Not speciﬁ  ed
Hemiptera Bugs 23.2 ± 0.2 Sato et al. 2011 Not speciﬁ  ed
Myriapoda
Millipedes 
and 
centipedes
16.4 ± 0.3 Sato et al. 2011 Not speciﬁ  ed
APPENDIX 2.1. Taxonomic orders in which the insects were grouped and their energetic content per 
gram dry weight.Chapter 2
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APPENDIX 2.2. Number of insects trapped with sticky sheets (~7m above ground level in the bottom 
of the canopy) per tree species per taxonomic insect group. Black lines represent the model prediction for 
the date effect for average temperatures (8.5˚C). Light grey lines show date effects for the maximum daily 
temperature (13˚C) and dark grey lines show date trends for daily minimum temperatures (5˚C). Note that 
the y-axes can differ per insect species and per tree species.
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APPENDIX 2.3. Sticky sheets – Results of individual linear mixed models through subsets of the data of 
all insect and tree species combinations.
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APPENDIX 2.4. Number of insects trapped with pitfall traps per tree species per taxonomic insect group. 
Black lines represent the model prediction for the date effect for average temperatures (8.5˚C). Light grey 
lines show date effects for the maximum daily temperature (13˚C) and dark grey lines show date trends for 
daily minimum temperatures (5˚C). Note that the y-axes can differ per insect species and per tree species.
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APPENDIX 2.5. Pitfall traps – Results of individual linear mixed models through subsets of the data of 
all insect and tree species combinations.
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Appendix 2.5. (continued)
 
 
C
O
U
N
T
 
~
 
D
A
T
E
 
+
 
T
E
M
P
E
R
A
T
U
R
E
C
O
U
N
T
 
~
 
D
A
T
E
I
n
s
e
c
t
T
r
e
e
i
n
t
e
r
c
e
p
t
d
a
t
e
t
e
m
p
C
h
i
2
P
i
n
t
e
r
c
e
p
t
d
a
t
e
C
h
i
2
P
e
a
r
w
i
g
s
o
a
k
6
.
4
3
-
0
.
1
-
0
.
0
6
1
.
3
6
0
.
2
4
6
.
0
2
-
0
.
1
2
7
.
1
3
<
0
.
0
0
1
e
a
r
w
i
g
s
a
m
 
o
a
k
3
.
5
3
-
0
.
0
5
0
.
0
1
0
.
0
5
0
.
8
3
3
.
6
1
-
0
.
0
5
1
6
.
2
7
<
0
.
0
0
1
e
a
r
w
i
g
s
b
i
r
c
h
3
.
4
7
-
0
.
0
9
-
0
.
0
6
0
.
4
6
0
.
5
0
3
.
3
8
-
0
.
0
9
1
5
.
1
2
<
0
.
0
0
1
e
a
r
w
i
g
s
l
a
r
c
h
5
.
4
7
-
0
.
0
9
-
0
.
1
4
2
.
3
6
0
.
1
2
4
.
1
1
-
0
.
0
9
1
2
.
1
1
<
0
.
0
0
1
e
a
r
w
i
g
s
p
i
n
e
5
.
4
-
0
.
1
1
-
0
.
0
3
0
.
0
4
0
.
8
5
5
.
3
8
-
0
.
1
1
7
.
3
6
0
.
0
1
m
i
l
l
i
p
e
d
e
s
o
a
k
2
.
1
6
-
0
.
0
5
0
.
0
8
3
.
6
1
0
.
0
6
2
.
9
5
-
0
.
0
5
1
8
.
4
9
<
0
.
0
0
1
m
i
l
l
i
p
e
d
e
s
a
m
 
o
a
k
-
1
.
8
3
0
0
.
1
2
4
.
5
4
0
.
0
3
-
0
.
6
2
-
0
.
0
1
0
.
3
6
0
.
5
5
m
i
l
l
i
p
e
d
e
s
b
i
r
c
h
-
0
.
1
5
-
0
.
0
2
0
.
0
7
2
.
4
8
0
.
1
2
0
.
4
8
-
0
.
0
2
4
.
8
4
0
.
0
3
m
i
l
l
i
p
e
d
e
s
l
a
r
c
h
-
1
.
9
4
-
0
.
0
2
0
.
1
7
1
1
.
0
3
<
0
.
0
0
1
0
.
1
1
-
0
.
0
2
3
.
7
6
0
.
0
5
m
i
l
l
i
p
e
d
e
s
p
i
n
e
2
.
6
-
0
.
0
6
0
.
1
1
5
.
4
5
0
.
0
2
3
.
8
5
-
0
.
0
6
1
9
.
3
5
<
0
.
0
0
1
b
u
g
s
o
a
k
2
.
7
9
-
0
.
0
9
0
.
1
5
1
.
4
0
.
2
4
4
.
7
6
-
0
.
1
8
.
3
8
<
0
.
0
0
1
b
u
g
s
a
m
 
o
a
k
-
7
.
8
5
0
.
0
1
0
.
0
8
0
.
0
5
0
.
8
2
-
6
.
9
1
0
.
0
1
0
.
0
1
0
.
9
2
b
u
g
s
b
i
r
c
h
2
.
5
8
-
0
.
1
0
.
1
7
0
.
8
9
0
.
3
5
3
.
1
9
-
0
.
0
9
3
.
6
9
0
.
0
5
b
u
g
s
l
a
r
c
h
-
1
7
.
4
-
0
.
0
3
1
.
2
5
3
.
6
7
0
.
0
6
0
.
9
8
-
0
.
0
8
1
.
2
1
0
.
2
7
b
u
g
s
p
i
n
e
-
2
5
.
5
-
0
.
1
3
2
.
7
8
1
0
.
2
9
<
0
.
0
0
1
5
.
0
5
-
0
.
1
3
1
.
9
0
.
1
7
b
e
e
t
l
e
 
l
a
r
v
a
e
o
a
k
2
.
6
8
-
0
.
0
5
0
.
0
3
0
.
1
5
0
.
7
0
2
.
9
5
-
0
.
0
5
8
.
0
6
<
0
.
0
0
1
b
e
e
t
l
e
 
l
a
r
v
a
e
a
m
 
o
a
k
4
.
6
7
-
0
.
0
7
0
.
0
5
0
.
8
6
0
.
3
5
5
.
0
8
-
0
.
0
7
2
1
.
9
9
<
0
.
0
0
1
b
e
e
t
l
e
 
l
a
r
v
a
e
b
i
r
c
h
3
.
1
4
-
0
.
0
4
-
0
.
1
1
.
9
8
0
.
1
6
2
.
3
6
-
0
.
0
5
8
.
1
6
<
0
.
0
0
1
b
e
e
t
l
e
 
l
a
r
v
a
e
l
a
r
c
h
-
3
.
3
1
0
.
0
1
0
.
0
1
0
.
0
1
0
.
9
3
-
3
.
2
5
0
.
0
1
0
.
5
4
0
.
4
6
b
e
e
t
l
e
 
l
a
r
v
a
e
p
i
n
e
-
2
.
6
3
0
.
0
1
-
0
.
0
1
0
.
0
2
0
.
8
8
-
2
.
7
2
0
.
0
1
0
.
9
5
0
.
3
3
S
n
a
i
l
s
o
a
k
3
.
6
5
-
0
.
0
7
0
.
0
4
0
.
2
0
.
6
5
4
.
0
7
-
0
.
0
7
1
2
.
0
1
<
0
.
0
0
1
S
n
a
i
l
s
a
m
 
o
a
k
5
.
2
3
-
0
.
0
8
-
0
.
0
5
0
.
4
0
.
5
3
5
.
0
6
-
0
.
0
9
1
6
.
6
5
<
0
.
0
0
1
S
n
a
i
l
s
b
i
r
c
h
3
.
8
5
-
0
.
0
8
-
0
.
0
9
0
.
2
8
0
.
6
0
3
.
2
6
-
0
.
0
8
4
.
9
2
0
.
0
3
S
n
a
i
l
s
l
a
r
c
h
2
.
4
-
0
.
0
6
-
0
.
0
4
0
.
1
8
0
.
6
7
2
.
0
6
-
0
.
0
6
7
.
1
2
0
.
0
1
S
n
a
i
l
s
p
i
n
e
4
.
9
4
-
0
.
0
7
-
0
.
1
2
2
.
7
7
0
.
1
0
4
.
2
-
0
.
0
7
1
5
.
7
9
<
0
.
0
0
1
o
t
h
e
r
s
o
a
k
-
6
.
7
8
0
.
0
4
0
.
1
9
3
.
9
8
0
.
0
5
-
4
.
7
3
0
.
0
4
3
.
3
4
0
.
0
7
o
t
h
e
r
s
a
m
 
o
a
k
1
.
9
2
-
0
.
0
4
-
0
.
1
1
0
.
8
4
0
.
3
6
1
.
0
6
-
0
.
0
4
2
.
7
0
.
1
0
o
t
h
e
r
s
b
i
r
c
h
-
2
.
9
7
0
.
0
1
0
.
0
1
0
0
.
9
6
-
2
.
9
2
0
.
0
1
0
.
5
6
0
.
4
5
o
t
h
e
r
s
l
a
r
c
h
-
8
.
0
3
0
.
0
6
0
.
0
3
0
.
0
8
0
.
7
8
-
7
.
6
6
0
.
0
6
7
.
9
9
<
0
.
0
0
1
o
t
h
e
r
s
p
i
n
e
-
7
.
1
5
0
.
0
5
0
.
0
9
0
.
3
6
0
.
5
5
-
6
.
1
8
0
.
0
5
3
.
6
0
.
0
6Chapter 2
48
Oak Am oak Birch Larch Pine
L
a
r
c
h
 
c
a
s
e
 
b
e
a
r
e
r
 
S
p
i
d
e
r
s
Date (1 = March 1st)
20 30 40 50
í1.0
í0.5
0.0
0.5
1.0
N
u
m
b
e
r
s
/
b
r
a
n
c
h
/
m
 
(
m
e
a
n
 
a
n
d
 
S
E
)
20 30 40 50
í1.0
í0.5
0.0
0.5
1.0
20 30 40 50
í1.0
í0.5
0.0
0.5
1.0
20 30 40 50
0
1
2
3
4
5
6
● ● ● ● ●
●
●
20 30 40 50
í1.0
í0.5
0.0
0.5
1.0
20 30 40 50
0.0
0.2
0.4
0.6
0.8
1.0
N
u
m
b
e
r
s
/
b
r
a
n
c
h
/
m
 
(
m
e
a
n
 
a
n
d
 
S
E
)
● ●
●
●
●
● ●
20 30 40 50
0.0
0.2
0.4
0.6
0.8
1.0
●
● ●
● ●
●
20 30 40 50
0.0
0.2
0.4
0.6
0.8
1.0
● ●
●
● ● ● ●
20 30 40 50
0.0
0.2
0.4
0.6
0.8
1.0
● ● ●
● ●
●
●
20 30 40 50
0.0
0.2
0.4
0.6
0.8
1.0
● ●
● ●
● ●
●
APPENDIX 2.6. Number of insects found on the branch samples per tree species for larch case bearer 
larvae and spiders. Black lines represent the model prediction for the date effect for average temperatures 
(8.5˚C). Light grey lines show date effects for the maximum daily temperature (13˚C) and dark grey lines 
show date trends for daily minimum temperatures (5˚C). Note that the y-axes can differ per insect species 
and per tree species.The quest for proteins: Appendixes
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APPENDIX 2.7. Branch samples – Results of individual linear mixed models through subsets of the data 
of all insect and tree species combinations.
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APPENDIX 2.8. Total energy content. P-values from linear mixed models with the sum of total energy 
content per tree as response variable, location as random effect, sampling period as offset and date and date2 
as explanatory variables. 
date date2 Relationship
Oak 0.02 \_/
Am oak 0.49 0.68 ---
Sticky sheets Birch 0.12 0.09 (\_/)
Larch 0.02 0.56 /
Pine 0.55 0.26 ---
Oak 0.0004 0.93 \
Am oak 0.063 0.69 (\)
Pitfall traps Birch 0.017 0.71 \
Larch 0.47 0.91 ---
Pine 0.24 0.70 ---
Oak 0.78 0.61 ---
Am oak 0.031 \_/
Branch samples Birch 0.064 0.45 (/)
Larch 0.012 / (exponential)
Pine 0.34 0.70 ---The quest for proteins: Appendixes
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ENERGY EXPENDITURE DURING EGG LAYING 
IS EQUAL FOR EARLY AND LATE BREEDING 
FREE-LIVING FEMALE GREAT TITS
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ABSTRACT
In many bird populations variation in the timing of reproduction exists 
but it is not obvious how this variation is maintained as timing has sub-
stantial ﬁ  tness consequences. Daily energy expenditure (DEE) during the 
egg laying period increases with decreasing temperatures and thus perhaps 
only females that can produce eggs at low energetic cost will lay early in 
the season, at low temperatures. We tested whether late laying females 
have a higher daily energy expenditure during egg laying than early laying 
females in 43 great tits (Parus major), by comparing on the same day the 
DEE of early females late in their laying sequence with DEE of late fe-
males early in their egg laying sequence. We also validated the assumption 
that there are no within female differences in DEE within the egg laying 
sequence. We found a negative effect of temperature and a positive effect 
of female body mass on DEE but no evidence for differences in DEE 
between early and late laying females. However, costs incurred during egg 
laying may have carry over effects later in the breeding cycle and if such 
carry over effects differ for early and late laying females this could contrib-
ute to the maintenance of phenotypic variation in laying dates.
Keywords daily energy expenditure, timing of  breeding, cost of  reproduction, cost of  
egg laying, match-mismatchEnergy expenditure during egg laying
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INTRODUCTION
Strong linear or nonlinear relationships between the timing of breeding and offspring 
ﬁ  tness are commonly observed in birds reproducing in highly seasonal environments. In 
many insectivorous species for example, reproductive success declines over the course 
of the breeding season (e.g. Perrins 1970; Verhulst and Tinbergen 1991; Verhulst et al. 
1995). Earlier broods have more ﬂ  edglings with a higher recruitment rate due to their 
higher ﬂ  edging mass and an effect of date per se (Tinbergen and Boerlijst 1990; Ver-
boven and Visser 1998; Visser and Verboven 1999). In some cases (e.g. great tits (Parus 
major) in the Netherlands), selection for early breeding has intensiﬁ  ed over the past few 
decades because of an increasing mismatch between different trophic levels as a result 
of climate change (Visser et al. 1998). However, considerable among-individual varia-
tion appears to be maintained within populations, despite consistent patterns of direc-
tional and/or stabilizing selection, highlighting the need to understand proximate and 
ultimate factors responsible for generating and maintaining these differences among 
individuals.
The classical explanation for differences in timing of breeding is that variation in the 
timing of local food availability during the nestling phase exists and as a consequence 
birds adapt their timing of reproduction to this local timing of food availability (Rowan 
1926; Lack 1968; Daan et al. 1989). Differences in the mean breeding date of popula-
tions might thus reﬂ  ect adaptive evolutionary divergence, where early breeding occurs 
in places where food peaks in the nestling phase are earliest, while variation within 
populations could reﬂ  ect a combination of genetic differences and adaptive plastic-
ity (e.g., where individuals occupying different territories adjust their breeding time to 
match local food peaks).
An alternative explanation for adaptive variation in timing of breeding is that laying 
dates (date when the ﬁ  rst egg of a clutch is laid) are affected by food conditions in the 
period before egg laying. Egg laying is energetically costly as shown by increased meta-
bolic rates in egg laying females (Walsberg 1983; Nilsson and Raberg 2001; Vezina and 
Williams 2002). In order to match the timing of maximum food requirements (late in 
the nestling period; Moreno et al. 1995; Verhulst and Tinbergen 1997) with the timing 
of maximum food availability (caterpillar food peak; Visser et al. 2006), eggs have to be 
laid up to ﬁ  ve weeks in advance of the food peak. Thus, eggs are laid in cold weather 
conditions under which foraging efﬁ  ciency is low (Avery and Krebs 1984) and energetic 
costs are high (Stevenson and Bryant 2000). For a long time it was thought that limita-
tion of resources set the earliest possible laying date within a year, and that birds did not 
lay earlier simply because they were unable to obtain enough resources (Perrins 1970). 
However, this resource limitation hypothesis could also be seen as a trade off between 
costs and beneﬁ  ts. Early laying potentially allows for a better match with the food peak 
for the nestlings (resulting in nestlings of good condition which are more likely to re-
cruit), but producing eggs under harsh conditions early in the season can result in an Chapter 3
56
increase in energetic costs (direct costs) which van have negative effects on current and 
future reproductive success (indirect costs). Fitness costs of increased work load have 
been studied by Monaghan et al. (1998), who showed that female lesser black-backed 
gulls (Larus fuscus) which had experimentally increased costs during egg laying (by pro-
ducing more eggs) had reduced offspring rearing capacity in the nestling stage, resulting 
in reduced ﬂ  edgling body mass. Visser and Lessells (2001) showed that experimentally 
increasing costs of reproduction in one year affected the timing of breeding the fol-
lowing year - females great tits with increased costs started egg laying later in the year 
after manipulation. Survival of females also decreased with increasing costs sustained 
during the breeding cycle (Visser and Lessells 2001), at the expense of future reproduc-
tive success. Therefore it may be adaptive for some females to lay her eggs later than 
what would be best for the match between chicks’ needs and food conditions during 
chick feeding in order to increase chances of future reproductive success (Visser et al. 
subm). As income breeders, the energetic expenditure of gathering enough food for 
egg production by a female great tit can vary depending on local food availability before 
and during egg laying. So, under this hypothesis, differences in laying dates can result 
from differences in the timing or abundance of food availability on the territory level in 
the period before egg laying. Alternatively, differences in laying date may arise if there 
are among female differences in the energetic expenditure necessary to produce an egg, 
perhaps due to intrinsic differences in female quality.
We investigated whether there is variation among females in their daily energetic ex-
penditure (DEE; measured using the doubly labelled water technique (Speakman 1997)) 
during egg production. A difference in DEE between females indicates that something 
in their environment (ability to obtain resources at lower energetic costs) or their physi-
ology (ability to produce eggs at lower energetic cost) differs. As environmental  con-
ditions improve over the season (and assuming that the environmental conditions are 
equal for all females) those females who are able to produce eggs at low costs will be 
able to lay already under poorer environmental conditions, and thus will breed earlier. 
Therefore, when comparing early and late breeding females on the same day, we pre-
dicted that early laying females have a lower DEE than later laying females.
Comparing DEE of early and late breeding females is difﬁ  cult, since factors affect-
ing DEE (e.g. weather conditions and food availability) change over the course of the 
season and from day to day. We compared DEE of females with different ﬁ  rst egg laying 
dates on the same day, and thus avoiding day to day variation in conditions, by making 
use of the overlap in their egg laying period (the great tit’s laying period is around 8 days 
depending on the clutch size (1 egg per day, average clutch size ~9 eggs)). We compared 
DEE late in the laying sequence of early females with DEE of late females early in their 
laying sequence during their overlapping laying period. By comparing within single days 
we did not need to correct for the effects of temperature and food availability. We also 
tested the assumption that there are no systematic differences in DEE at different times Energy expenditure during egg laying
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during the egg laying period by measuring DEE 
of a number of females twice during egg laying.
METHODS
In 2008 and 2009, DEE of 78 female great tits in 
two nearby study areas (20 km apart) was measured 
during egg laying (Table 3.1); 19 females (2008) 
from the Oosterhout population (51° 52’ 22” N 
5° 50’ 22” E) and 59 females (2008 n = 50; 2009 n 
= 9) from the Hoge Veluwe population (52° 02’ 
07” N 5° 51’ 32” E). Of these females, DEE of 
thirteen females (Hoge Veluwe n = 9 (2009) and 
Oosterhout n = 4 (2008)) was measured twice dur-
ing their laying sequence for a within female com-
parison of DEE as a function of egg sequence, 
resulting in a total of 91 measurements of DEE. 
Of the 59 females measured in the Hoge Veluwe 
study area, 43 females were randomly assigned to 
be measured early or late in their laying sequence 
for the comparison of DEE between early and 
late females.
The Hoge Veluwe study area is part of a large 
forest area and consists of 171 ha mixed woodland 
on poor sandy soils, dominated by oak (Quercus 
robur), American oak (Quercus rubra), larch (Larix 
decidua) and pine (Pinus sylvestris) with about 400 
nest boxes. The Oosterhout study site is an iso-
lated deciduous forest dominated by oak trees (11 
ha) along a residential area on rich clay soils near 
the river Waal with 150 nest boxes. Average ﬁ  rst 
egg laying dates of the Oosterhout population 
are 3.4 days earlier compared to the Hoge Velu-
we population (range -4 – 15.4; 5.8 days earlier in 
2008; MEV unpubl. data). 
Measuring daily energy expenditure
Doubly labelled water technique using eggs as samples
The double labelled water technique enables us to 
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measure DEE in free living animals by measuring elimination rates of 2H and 18O which 
are enriched in the body water of the animal through injection (Speakman 1997, see 
below). Instead of measuring elimination rates of 2H and 18O isotopes in blood samples 
(as is usually done), we measured elimination rates in the albumen of the eggs produced 
(as was done by Ward (1996) and Stevenson and Bryant (2000)). This avoided recapture 
and handling stress in a period during which disturbance leads to high desertion rates 
(Kania 1989). The period over which DEE is measured using this method depends on 
the exact timing after which water molecules can not freely move between the females’ 
body water pool and the water in the egg (i.e. the timing of which the egg shell is pro-
duced, separating the female body water pool from the water in the egg). Ward (1996) 
studied the relation between isotope concentrations in the albumen and blood for Barn 
Swallows (Hirundo rustica) and found that the average time of the day at which the water 
pools of female and egg separate was around 1045 PM. Although this timing is not 
known in great tits, it is the timing of separation within a female over successive eggs 
which is important. No evidence exist that this timing differs between successive eggs 
within a female’s laying sequence. Values of DEE found in this study are comparable to 
DEE values during egg laying found by Stevenson & Bryant (2000) and are about 2.5 
times BMR, which was calculated with equation 5.1 in Kendeigh et al. (1977) for the 
average body mass of a female great tit of our data set (19.6g), which falls well within 
the range of DEE/BMR-ratios found for this and other species (King 1974; Daan et al. 
1990; Peterson et al. 1990) in other parts of the breeding season.
Field methods
Nest boxes were checked twice a week from the beginning of April to monitor nest 
building. Once the bottom of the box was covered with nest material, nests were 
checked daily to determine exact laying dates. Eggs were numbered on the day they were 
laid. Female great tits were caught when leaving the nest box early in the morning, soon 
after egg laying using temporarily placed ‘box nets’ (te Marvelde et al. in press-a). Imme-
diately after catching, each female was injected intraperitoneally with 200μl DLW using 
a 0.3ml syringe with a 0.33 x 12 mm needle. After injecting, the female was weighed 
to the nearest 0.1 g and then released (usually within 10 minutes after catching). Early 
females were caught and injected with DLW on the morning they laid their sixth egg (n 
= 25), whereas late females were injected in the morning they laid their second egg (n = 
18). The day after the injection, the third egg of a late and the seventh egg of an earlier 
female were collected. The next day we collected the fourth and the eighth egg of those 
females. Because we can only capture the female the morning after we detect the ﬁ  rst 
egg, the earliest measurement of DEE is the 24h between the production of the third 
and the fourth egg. For the early females, we chose the eighth egg as a last sample since 
not all females produce more than eight eggs. All eggs taken as samples were replaced 
immediately by unbrooded eggs from a nearby study site to prevent the production of Energy expenditure during egg laying
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replacement eggs. 
About 12 hours after collection, the length, width and mass of the eggs were meas-
ured and the yolk and the albumen were separated and weighed to the nearest mg in the 
laboratory. The albumen was homogenized by hand and three samples of ~15 μl were 
transferred to non-heparinised 25 μl capillaries which were ﬂ  ame-sealed immediately.
Measuring isotope ratios in the samples
Isotopes were analyzed at the Centre for Isotope Research (Groningen, The Nether-
lands) using methods described in detail elsewhere (Visser and Schekkerman 1999; Vis-
ser et al. 2000; Van Trigt et al. 2002). The albumen in the capillary tubes was distilled in 
a vacuum line and brought into a standard vial for automatic injection into the isotope 
ratio mass spectrometer system. Local water standards (gravimetrically prepared from 
pure 2H- and 18O-water), that cover the entire enrichment range of the albumen sam-
ples, were applied for calibration purposes. The actual 18O and 2H measurements were 
performed in automatic batches using a High Temperature pyrolysis unit (Hekatech) 
coupled to a GVI Isoprime Isotope Ratio Mass Spectrometer for the actual isotope 
analysis. 
Calculating daily energy expenditure
The rate of CO2 production was calculated according to formula 7.17 of Speakman 
(Speakman 1997):
rCO2 = (N / 2.078) ∙ (k18O-k2H) – 0.0062 ∙ k2H ∙ N
where N is the total body water (TBW) and k18O and  k2H are the 18O and 2H decay rates 
per hour (decay on a log scale divided by time interval between the two samples; 24h 
for 81 measurements, 48h for 10 measurements in case of a laying pause of one day 
after the ﬁ  rst sample). The rightmost term is a correction to the simple proportionality 
between TBW, decay rates difference and rCO2, which is caused by isotope fractiona-
tion effects. The coefﬁ  cient of this term depends on the assumptions regarding the 
fraction of water loss through breath. Here we follow Speakman’s assumption that this 
fraction is 25%. This assumption has been found to be the most appropriate (Visser and 
Schekkerman 1999; Van Trigt et al. 2002). TBW depends on TBW% and body mass. 
TBW% can be estimated when a sample is taken one hour after injection of the DLW. 
We were not able to estimate TBW% since our ﬁ  rst sample is taken about 20 hours 
after injection. We assume a constant TBW percentage of 66% based on dried great 
tits (Mertens 1987). We weighed the female immediately after injection of the DLW 
and do not have body mass at the sampling times represented by each egg. Since the 
TBW changes during egg laying (the production of the egg increases body mass, which 
drops again when the egg is laid), we used the average pool size as suggested by Lifson Chapter 3
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& McClintock (1966) by averaging the weight of the female with and without the egg 
of the ﬁ  nal sample. An energy equivalent of 27.8 kJ per litre CO2 produced was used to 
transform CO2 production into energy expenditure per hour after which it is multiplied 
by 24 to get daily energy expenditure.
An important assumption in the comparison between early and late females is that 
no consistent differences in DEE exist within females during the egg laying sequence. 
To test this, DEE of 13 females (Hoge Veluwe n = 9 (2009), Oosterhout n = 4 (2008)) 
were measured twice in their egg laying sequence.
Temperature data
Temperatures (measured every hour) were retrieved from the Royal Netherlands Me-
teorological Institute location Deelen (~two km from the Hoge Veluwe and ~21km 
from the Oosterhout study site). Both study locations are inland and we have no reason 
to believe that differences in temperature exist for the two locations. Since the timing 
of separation of the egg from the female TBW is largely unknown (but falls between 
~7PM and 6AM), we tested average temperatures over three different 24h periods 
(7PM-7PM, midnight-midnight and 6AM-6AM). Our results do not change depending 
on the period over which we average temperature, but since midnight-midnight tem-
perature explained most of the variation we present the results of average temperatures 
during this period.
Egg number
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Figure 3.1. Within female effect of egg 
number on daily energy expenditure 
(kJ day-1) of female great tits of the 
Hoge Veluwe (n = 9, collected in 2009) 
and the Oosterhout population (n = 4, 
collected in 2008). The DEE values are 
plotted after correcting for female body 
mass, temperature and area for graphing 
purposes only. Lines connect the two 
measurements of individual females.Energy expenditure during egg laying
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Statistics
Effect of  egg number on DEE
To test the assumption that no consistent differences exist in DEE within a females’ 
laying sequence, we used the ‘within-subject centering’ procedure to separate within 
and between effects of egg number (e.g. egg number 4 is the 4th egg laid) on DEE in a 
linear mixed model (van de Pol and Wright 2009). We tested the signiﬁ  cance of within 
female egg number on DEE in a mixed model with DEE as response variable (and 
female identity as a random effect) and average temperature (midnight – midnight), fe-
male body mass, mean egg number (showing the between female effect of egg number 
on DEE), deviation of the mean egg number for each individual DEE measurement 
(showing the within female effect of egg number on DEE) as explanatory variables. 
The latter variable is of most interest. We also included temperature and female body 
mass since these variables appeared to be of importance in the analyses of the full data 
set.
Full data set
We explored which factors affected DEE using the whole data set (both populations; n 
= 78). A linear mixed model (with date as random effect) was used to account for the 
fact that multiple females were measured on a single day. Our starting model with DEE 
as response variable contained average temperature (midnight – midnight), study area, 
female body mass, number of eggs laid after the ﬁ  nal sampled egg, yolk and albumen 
mass of the ﬁ  nal sample, date, ﬁ  nal clutch size and the interaction between egg number 
and temperature. Of those females that were measured twice (n = 13), one randomly 
chosen measurement was included in the analyses. Least signiﬁ  cant terms were removed 
from the model, starting with the interaction, resulting in a ﬁ  nal model with only signiﬁ  -
cant variables (Table 3.2A).
Comparison between early and late females (Hoge Veluwe data only)
We used two separate tests (two alternative ways) to test the difference in DEE between 
early and late laying females. First we ran a 2-way-ANOVA with DEE as the response 
variable, date as factor (with 9 levels) and egg number (egg 4 vs. egg 8 as 2 levels; Table 
3.2B). We used date as a factor to account for all possible differences that occurred 
between days. 
As an alternative way to answer the same question we ran a linear mixed model with 
DEE as response variable, date as random variable and temperature, female body mass, 
egg number (egg 4 vs. egg 8 as 2 levels) and the interaction between temperature and 
egg number (Table 3.2C). Least signiﬁ  cant terms were removed from the model, start-
ing with the interaction terms, resulting in a ﬁ  nal model with only signiﬁ  cant variables. 
All statistics were carried out using R version 2.9.2 (R Development Core Team 
2009). All tests were two tailed and an alpha level of 0.05 was applied throughout.Chapter 3
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RESULTS
Effect of egg number on DEE
When corrected for temperature, female body mass (see below) and the among female 
effect of egg number on DEE, we found no signiﬁ  cant within female effect for egg 
Linear mixed model: full data set (n = 78 females, 78 measurements)
A Variable β SE df F P
Temperature 1 42.9 <0.0001
Area                         (Hoge Veluwe) 31.02 12.46 1 5.01 0.029
                                 (Oosterhout) 33.52 12.59
Female body mass 2.93 0.64 1 20.92 <0.0001
Temperature * area (Hoge Veluwe) -1.14 0.34 1 0.047 0.83
                                (Oosterhout) -1.03 0.53
Year (2009) 2.96 1.93 1 3.60 0.06
Eggs left 0.32 0.30 1 1.13 0.29
Mass yolk -6.20 17.06 1 0.13 0.72
Mass albumen 3.32 6.19 1 0.29 0.59
  Final  clutch  size 0.21 0.33 1 0.41 0.53
  Date -0.06 0.15 1 0.14 0.72
2-Way-ANOVA: early vs. late breeders (n = 43, only Hoge Veluwe area)
B Variable β SE df F P
Female body mass 2.16 0.98 1 4.87 0.03
Date 8 1.37 0.25
Egg number -2.22 1.76 1 1.58 0.22
Date * egg number 8 0.58 0.78
Linear mixed model: early vs. late breeders (n = 43, only Hoge Veluwe area)
C Variable β SE df F P
Temperature -1.19 0.39 1 8.99 0.005
Female body mass 2.18 0.89 1 5.98 0.020
Egg number -1.37 1.65 1 0.69 0.41
Egg number * temperature -0.31 0.84 1 0.14 0.72
Table 3.2. Effects of ambient temperature (averaged from midnight - midnight), study area, female body 
mass, the number of eggs laid after the date DEE was measured (eggs left), various egg characteristics, 
ﬁ  nal clutch size and date on daily energy expenditure (DEE) during egg laying analyzed using the full data 
set (A). To test the difference  between earlier and later laying females we used data from the Hoge Veluwe 
females for which DEE (kJ day-1) was measured on egg 4 or 8 (egg number; late vs. early breeders). First 
we ran a 2-way-ANOVA (B) followed by linear mixed model correcting for temperature and female body 
mass (C).Energy expenditure during egg laying
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number on DEE (estimate ± SE = 0.080 (± 0.45), df = 1, error df = 10, t-value = 
0.18, P = 0.86; Fig. 3.1), validating the assumption that costs during egg laying do not 
depend on where in the sequence of egg laying DEE is measured, and thus justifying 
the between female comparison below.
Full data set
Daily energy expenditure of female great tits during egg laying decreased with ambient 
temperature (using all 78 DEE measurements; Fig. 3.2, see table 3.2A for statistics). The 
slope of the temperature effect on DEE did not differ between the two study areas but 
Oosterhout females expended more energy than the Hoge Veluwe females at a given 
temperature. Furthermore, DEE increased with body mass. There was no effect of 
various egg characteristics, clutch size, date or the number of eggs left to lay after the 
DEE measurement date on DEE.
Comparison between early and late females (Hoge Veluwe data only)
In a 2-way-ANOVA with date (factor with 9 levels) and egg number (factor with 2 lev-
els; egg 4 vs. egg 8), we found no difference in DEE between early and late breeding 
female great tits (table 3.2B), but DEE was related to female body mass. However, since 
females measured on egg 8 (early females) tended to be heavier than females measured 
on egg 4 (late females; Welch Two Sample t-test, P = 0.059), differences in body mass 
could not mask differences in DEE between early and late breeding females. In fact, 
the difference in DEE between early and later breeders increased when correcting for 
female body mass (from 0.89 kJ day-1 to 2.22 kJ day-1) but remained non signiﬁ  cant. 
Although no clear differences in DEE existed between the females tested on different 
dates (table 3.2B), in a linear mixed model where we substituted temperature for date, 
we found a temperature effect on DEE, similar to that in the full data set. This effect 
of temperature on DEE did not differ between early and late laying females (interaction 
egg number * temperature) (Fig. 3.2; table 3.2C).
DISCUSSION
Female great tits expended more energy during egg laying under colder conditions and 
when their body mass was high. On average, earlier females will therefore spend more 
energy during egg laying due to the seasonal trend of increasing temperatures in spring. 
However, we found no difference in energy expenditure over a 24h period during egg 
laying between early and late females measured on the same day, under the same weath-
er conditions. The hypothesis that variation in laying date could be explained by differ-
ences in the relationship of temperature with energetic expenditure during egg laying 
between early and late birds was thus not conﬁ  rmed.
To compare early with late females, we make use of the overlapping nature of egg Chapter 3
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laying periods. In our case the difference in laying date between early and late laying 
females was four days. Although four days is a relatively short period compared to the 
total duration on which bird start egg laying (difference in laying date between the earli-
est bird vs. latest bird is ~30 days), the standard deviation of laying dates in 2008 was 
only 4.2 days. This means that 68.2% of all birds start egg laying in a period of 8.4 days 
only and thus that an interval of four days is biologically relevant. 
Even though we found no intrinsic differences in energy expenditure between early 
and late breeding females, this does not mean that there are no differences in the ﬁ  t-
ness consequences of laying under cold conditions between early and late breeders. 
It is possible that variation in the ﬁ  tness costs of energetic expenditure exist among 
females, potentially explaining variation in laying dates. Many examples exist in which 
an increased workload (for example by increasing the number of nestlings in a brood) 
negatively affects the survival of the parents (e.g. Dijkstra et al. 1990; Deerenberg and 
Overkamp 1999). However, to explain the maintenance in variation in laying dates from 
an optimality perspective there have to be individual differences in ﬁ  tness costs due to 
increased energetic expenditure. To our knowledge, this has never been demonstrated.
Our results show that female great tits in Oosterhout expended more energy during 
egg laying than the Hoge Veluwe females. This difference could be caused by genetic 
differences between the populations (none of the 3376 known breeding birds in Oost-
erhout were born in Hoge Veluwe and only two known breeding birds in Hoge Veluwe 
(out of 13979 birds) were born in Oosterhout). Alternatively, the between site differ-
ence in energy expenditure could be due to differences in the timing of the caterpillar 
Figure 3.2. Effect of ambient temperature 
(oC) on daily energy expenditure (kJ day-1) 
of female great tits during egg laying in two 
study areas (Oosterhout and Hoge Veluwe). 
Comparison of DEE between early and 
late females was done for those females 
measured on the day their fourth or their 
eighth egg was laid. Lines represent the 
regression lines through the individual sets 
of points. Grey dotted lines connect two 
DEE measurements of individual females 
measured twice in their laying period. Note 
that the regression lines of early and late 
females of the Hoge Veluwe (resp. Hoge 
Veluwe egg 8 and egg 4) fall on top of each 
other and are not statistically different (see 
Table 2C).
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food peak. The Oosterhout population is situated on rich river clay soil compared to 
the sandy soil of the Hoge Veluwe. The difference in soil type is most likely why tree 
leaﬁ  ng is earlier in Oosterhout compared to the Hoge Veluwe resulting in an earlier 
caterpillar food peak. This means that Oosterhout females have to lay eggs earlier (and 
under colder conditions; Fig. 3.2) and thus expend more energy. Since great tits do not 
store large amounts of fat, maximum energy expenditure will directly depend on energy 
intake. From radio tracking data in both populations in the period before egg laying 
(unpublished data L. te Marvelde & M.E. Visser), we know that females in Oosterhout 
often make use of  the vast amount of supplementary bird food in the nearby village, 
whereas a food source like this is not available to the Hoge Veluwe population. The 
supplementary food in Oosterhout consists mainly out of fat and peanuts; food full 
of energy but does not contain proteins needed for egg production. We have seen that 
females often visit the supplementary food for ~15 minutes after which they ﬂ  y back 
to their territory to forage by hopping in the crown of the tree, most likely looking for 
(protein rich) insects. The supplementary food then only serves as fuel that facilitates 
foraging for protein rich foods. As a consequence they are able to work harder and 
therefore expend more energy compared to the Hoge Veluwe females.
A better understanding of the causes and consequences of variation in laying date 
among females is important as, due to climate warming, there is increased selection on 
laying date (Visser et al. 2006). Selection is inﬂ  uenced by, and potentially alters, the costs 
and beneﬁ  ts of the entire reproductive cycle, so we need to understand how females 
differ in their energetic costs (and in ﬁ  tness consequences of these costs) not only dur-
ing egg laying but also during other periods of the breeding cycle, such as chick feeding 
(te Marvelde et al. in press b). Understanding the proximate and ultimate factors main-
taining variation among females will provide insight patterns of phenotypic selection in 
natural populations. 
ACKNOWLEDGEMENTS
‘Stichting Het Nationale Park De Hoge Veluwe’ and family Van Boetzelaer in Oost-
erhout kindly allowed us to conduct our research on their property. We thank Berthe 
Verstappen and Henk Jansen for their careful sample preparations and measurements, 
Benoît Sandjian, Henri Bouwmeester and Louis Vernooij for help during the ﬁ  eld sea-
son and Esa  Lehikoinen, Kate Lessells, Thomas E. Reed and an anonymous reviewer 
for comments on an earlier version of the manuscript. MEV is supported by a NWO-
VICI grant. The experiments reported here comply with the current law in The Neth-
erlands and were carried out under licenses of the Animal Experimental Committee of 
the KNAW (DEC protocol no. CTE 08.01). Chapter 4
67
A NEW METHOD FOR CATCHING CAVITY-
NESTING BIRDS DURING EGG LAYING AND 
INCUBATION
Luc te Marvelde
Simone L. Webber
Arnold B. van den Burg 
Marcel E. Visser
Journal of  Field Ornithology 82(3): 320-324 (2011)Chapter 4
68
ABSTRACT
The physiological condition of female birds during the egg-laying and 
incubation periods is of considerable interest and yet is relatively under-
studied in wild birds, primarily due to the difﬁ  culty of catching birds dur-
ing this period without causing nest desertion. We therefore developed a 
box-net to capture cavity-nesting birds using sections of a mist-net placed 
around a metal cubic frame. We captured female Great Tits (Parus major) 
as they left nest boxes during the egg laying and incubation periods and 
measured desertion rates. We captured 108 of 119 (90%) females during 
egg laying and 10 of 12 (83%) during incubation. Our recapture rate over 
two consecutive days during incubation was 50% (5 of 10). Females not 
caught either left the nest box before we hang the box-net or escaped 
through a hole in the net (egg laying) or stayed in the nest box for over 2 
hours after which we stopped the capture attempt (incubation). Overall, 
22% of egg-laying females deserted, with desertion rates highest early in 
the egg-laying period. Desertion rates of females captured using the box-
net did not differ from those of undisturbed females. One of 10 females 
captured in box-nets deserted during the incubation period. Box-nets are 
portable, can be set up and taken down quickly and easily, and could po-
tentially be used with nest boxes or natural cavities at any height. Box-nets 
are easy to construct and adaptable for use with an array of cavity-nesting 
birds, and can be an important tool for studying female physiology during 
egg laying and incubation.
Keywords cavity-nesting bird, capture method, egg laying, incubation, desertion, 
Great TitCatching Cavity-Nesting Birds
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INTRODUCTION
Capture and handling can be stressful for birds and may cause changes in behavior, 
particularly early in the nesting cycle. Gotmark (1992) reviewed the literature and found 
that the negative effects (i.e., desertion, increased rates of nest predation, or reduced 
ﬂ  edging success) of disturbance (i.e., nest visits, banding of nestlings, and capturing 
of adults) were most pronounced during the pre-laying and laying stages (59% of all 
studies). Negative effects were reported in 46% of studies where disturbance occurred 
during incubation and in 29% of studies where disturbance occurred during the nest-
ling period. In another review, Kania (1992) showed that desertion rates after capturing 
adults at the nest (or in front of the nest) were highest during egg laying for most spe-
cies. Consequently, investigators usually capture adult birds during the nestling period.
The physiological condition of female birds during the egg laying and incubation pe-
riods is of considerable interest and yet is relatively understudied in wild birds (Ricklefs 
and Wikelski 2002). For such studies, birds must be captured early in the nesting period, 
e.g., studies that require measuring levels of hormones associated with ovulation (e.g., 
Wingﬁ  eld and Farner 1978) or energy expenditure during egg laying (te Marvelde et al. 
2012). Species that breed in nest boxes can be captured inside the boxes (e.g., Stutch-
bury and Robertson 1986, Mock et al. 1999, Friedman et al. 2008), but doing so during 
egg laying and incubation often results in high desertion rates (Kania 1992). In such 
cases, adults can often be captured using mist nets placed in front of nest boxes or cavi-
ties. Capturing cavity-nesting birds in mist nets in front of nests at any time during the 
nesting cycle may reduce desertion rates because they are not captured on nests (Kania 
1989). However, mist nets take time to set up properly and may be avoided by some 
species.  Therefore, a method of capturing birds early in the breeding cycle that does 
not result in frequent desertion and is quick and easy to use would be invaluable. Here, 
we describe a box-net used to catch Great Tits (Parus major) during a study of energy 
expenditure during egg-laying. 
METHODS
We developed a box-net (Fig. 4.1) to catch birds as they leave nest boxes in an attempt 
to reduce desertion rates. The box-net was made by wrapping traditional mist-netting 
around a 50 x 50 x 50-cm welded frame made of stainless-steel rods 3 mm in diameter. 
In our study, a 3-mm steel rod ﬁ  t behind most lids of our nest boxes so the box- net 
could be quickly hung over nest boxes to minimize time spent near nest boxes. The box-
net could also be hung on a small nail in the tree or rested behind two nails hammered 
into the top of a nest box. All sides except the lower part of the back side are covered 
with mist-netting. The netting was stretched tightly around the top and bottom of the 
frame, but hung loosely around the front and sides so that the shelves formed two hori-
zontal pockets where birds would become tangled. Two pieces of cloth were hung from Chapter 4
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elastic/rubber strings on the back of the trap so they formed curtains. These curtains 
were slid aside and the whole frame was then placed over the focal nest box when an 
adult was known to be inside. The curtains were then closed so that birds which were 
not entangled in the mist-net immediately could not escape from the back. Installing a 
box-net over a nest box takes ~10 sec. Once a bird was captured, the box-net was care-
fully placed on the ground and the bird was extracted. 
We conducted a ﬁ  eld trial with box-nets during a study of two populations of Great 
Tits, a small (~ 18 g) insectivorous passerine (Oosterhout population, 51° 52’ 22” N 5° 
50’ 22” E; Hoge Veluwe population, 52° 02’ 07” N 5° 51’ 32” E). Box-nets were used 
to capture females during egg laying so we could measure energetic expenditure using 
the doubly labelled water technique (Speakman 1997). In 2008 and 2009, we used box-
nets to capture 108 females during egg laying (Hoge Veluwe: N = 69 in 2008 and 18 in 
2009; Oosterhout: N = 21 in 2008). Female Great Tits entered nest boxes the preceding 
evening and laid their eggs before leaving early the next morning. We therefore placed 
box-nets over focal nest boxes about 15 min before sunrise to capture females as they 
left boxes. After capture, each female was banded with one metal band and three color 
bands, weighed (± 0.1 g), and injected with 200 μl of doubly labeled water before being 
released (about 10 min after capture; estimated range = 5 - 20 min). Due to our proto-
col, we had to capture females only once per energy measurement during egg laying (te 
Marvelde et al. 2012). We left the box-nets on the nest boxes for about 45 minutes after 
the last bird was caught.
We also captured female Great Tits during incubation using box-nets. Some females 
captured during egg laying were also captured during incubation for a second measure-
Figure 4.1. Schematic view of the box-net trap (seen from the back; left), and a photo of the box-net 
placed over a nest box (right) to catch Great Tits during egg laying and incubation. 
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ment of energy expenditure. During incubation, we captured females throughout the 
day. Once captured, each bird was injected with 100 μl of doubly labelled water and kept 
in a cloth bag for 1 hr; we then took a 30-μl blood sample and the bird was released. We 
attempted to catch each female captured during incubation a second time 24 hr after the 
initial release to obtain another blood sample (45 μl). During incubation, we left box-
nets on nest boxes for a maximum of 2 hrs.
Although most females became tangled in the mist-net immediately after leaving 
nest boxes, we sometimes (~5%) found birds standing on the bottom of a box-net 
when we arrived. In all but one case where a female went back into the nest box, these 
females were chased into one of the pockets when we approached from the side. A 
single researcher was able to monitor up to four box-nets each morning, depending on 
the distance between them, and thus up to four females could be captured in about 1 
hr. Female Great Tits do not visit nest boxes regularly during the day during egg laying 
and therefore we had only one chance per day to catch them.
We monitored nest boxes daily after a trapping attempt until incubation was initi-
ated to determine if females deserted (i.e., no more eggs were laid or incubation did not 
start). Six females at the Hoge Veluwe site did not lay an egg on the morning of capture, 
and ﬁ  ve subsequently deserted. Because females that did not lay eggs may have already 
been stressed or physiologically aberrant, we excluded them from our analyses.
We  ﬁ  tted generalized linear models (GLM) with a binomial error distribution to 
determine which factors affected desertion rates during egg laying. Desertion can be 
viewed as a trade off between investing in the current clutch and investing in a re-
placement clutch (Verboven and Tinbergen 2002). The chance of successfully raising 
a replacement brood decreases as the season progresses because food conditions will 
be limiting later in the season (Verboven and Visser 1998). To determine if desertion 
rates differed for females caught early or later in their laying sequence, we included the 
number of eggs laid before capture. Therefore, our starting model, with desertion as 
a binomial response variable, included date, number of eggs laid before capture, study 
area, and year as explanatory variables. Using a chi-square test, we compared desertion 
rates of females caught with the box-net during egg laying (and injected) with desertion 
rates of females that we did not try to catch during egg laying. All analyses were carried 
out using R version 2.9.2 (R Development Core Team 2009). All tests were two-tailed 
and an alpha level of 0.05 was applied throughout.
RESULTS
During egg laying, we captured 108 of 119 (90.8%) female Great Tits using box-nets. 
Although we do not know for sure why 11 females were not caught (a single researcher 
monitored up to 4 box-nets and thus was not able see each box-net simultaneously), we 
think they either left the nest box before we hang the box-net or escaped through a hole Chapter 4
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in the mist net. All females captured during egg laying left nest boxes in the morning, 
with a mean departure time of 40 ± 2.1 (SE) min after sunrise (range = -5 - 94 min). 
Of the 108 females captured with a box-net during egg laying, 22 (20.4%) deserted. All 
birds that deserted did so immediately after being captured. This desertion rate did not 
differ (χ2
1 = 2.0, P = 0.16) from that of females that were not captured during egg lay-
ing (11 of 92 ﬁ  rst clutches, or 11.9%; MEV, unpubl. data). The distribution of lay dates 
across both groups did not differ (Wilcoxon rank sum test, W = 3079, P = 0.18).
The probability of deserting was related to the number of eggs a female had laid, 
with females more likely to desert when captured earlier in the laying sequence (χ2
1
 = 
3.9, P = 0.047; Fig. 4.2). Desertion rates were not affected by date (χ2
1
 =0.1, P = 0.75) 
and did not differ between the two study areas (χ2
1
 = 0.5, P = 0.48) or between years 
(χ2
1
 = 0.01, P = 0.91).
We tried to catch 12 females during incubation and captured 10 (83%). The two 
females we did not capture stayed in their nest boxes for more than 2 hrs and we then 
removed the box-net. We tried to recapture these 10 females again the next day, but 
were only able to catch ﬁ  ve (50%). The other ﬁ  ve remained in nest boxes for over 2 hrs. 
All females captured during incubation had been injected with doubly labelled water 
during egg laying, using the same protocol as before. One of the 10 females deserted 
(10%). No birds other than target birds were captured in box-nets.
Figure 4.2. Desertion rate of female Great Tits relative to the number of eggs laid before females were 
captured using a box-net. Numbers above bars are the total number of females captured at each stage and 
the number of females that deserted. 
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DISCUSSION
Using box-nets to catch female Great Tits during egg laying was effective, with a level 
of desertion comparable to that of egg-laying females that were not caught. Desertion 
rates were highest for females caught early in their laying sequence. Kania (1992) ana-
lyzed desertion rates based on data supplied by banders; 10 banders captured Great Tits 
during egg laying (N = 77 captures) and reported a mean desertion rate of 24.7 ± 5.5 
(SE) %. This desertion rate does not differ from the desertion rate in our study (χ2
1 = 
0.27, P = 0.61). Unfortunately, capture methods used by the banders were not reported, 
and birds captured with mist-nets placed in front of nest boxes (a method expected 
to result in desertion rates comparable to that of box-nets) were included. Also, we 
injected captured females with doubly-labeled water, and so do not know if desertion 
was due to being captured, injected, or a combination of the two. Kilgas et al. (2007) 
reported desertion rates of 37% for female Great Tits captured in nest-boxes and blood 
sampled during incubation. Dubiec (2011) found that desertion rates of female Great 
Tits captured by hand off their nests during incubation were as high as 41.2% (handled 
and blood sampled) and 25.6% (handled only). Thus, injecting birds in our study likely 
exacerbated the stress of capture; if so, desertion rates in our study may have been 
lower if females had only been captured with a box-net. 
We captured few females during incubation, but only 10% (1 of 10) deserted even 
though they were also injected, kept in a cloth bag for 1 hr, and blood sampled after 
capture. However, we might have underestimated the desertion rate during incubation 
because all birds captured during incubation had already been captured during egg lay-
ing (and did not desert thereafter). Females sensitive to disturbance probably deserted 
during egg laying, leaving less sensitive females in the group of females captured during 
incubation, resulting in low desertion rates.
Box-nets can also be used to catch other species during egg laying and incubation. 
The box-net can easily be adapted to catch birds such as woodpeckers and nuthatches 
that breed in natural cavities, simply by hanging it from a nail hammered into the tree 
trunk above nest holes. Box-nets can also be adapted to catch birds in smaller or larger 
nest boxes (e.g., ducks) by altering its dimensions. 
Recapture success during incubation (~2 wks after the initial capture in the egg lay-
ing stage) was relatively high, with 10 of 12 females captured. However, only ﬁ  ve of 
those 10 females were recaptured the next day, probably due to their recent experience 
with box-nets.
Using box-nets to catch females during egg laying is preferable to capturing birds 
in nest boxes because the bird leaves the cavity after an egg has been laid, and is thus 
not removed too early (before egg laying) or trapped inside the box for an unnecessary 
amount of time. Box-nets are cheap and easy to construct (from an old mist-net and 
some easily obtained steel rods). Box-nets are light and portable, quick and easy to set 
up and take down, and escaping from the trap is impossible. In addition, box-nets could Chapter 4
74
be used at any height and minimize the risk of catching non-focal birds. Removing cap-
tured birds from box-nets is also easy. By minimizing desertion rates of birds captured 
during egg laying (and also possibly incubation), a variety of studies focusing on better 
understanding the reproductive cycle of female birds can be conducted.
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ABSTRACT
Climate change has caused a phenologically mismatch between the tim-
ing of reproduction and the local food peak in many bird species. Late 
breeding birds therefore experience reduced food availability during chick 
rearing and are thus predicted to have an increased energy expenditure. 
Observational studies however show mixed results, perhaps because they 
compare energy expenditure across rather than within individuals at dif-
ferent levels of food availability. In a cross foster experiment, we meas-
ured daily energy expenditure (DEE) twice within individuals during chick 
feeding (when chicks were 6 and 14 days old) for 28 free living female 
great tits (Parus major). To avoid confounding effects of chick age these 
females reared on both occasions a standardized foster brood of eight 10-
day old chicks during the 24h measuring period. For all birds, food availa-
bility declined between the two measurements. We show that DEE during 
chick feeding increased within females when food availability decreased. 
Variation in DEE within females is partly explained by brood visit rates, 
food availability and temperature. DEE during chick feeding could be af-
fected by the investment in previous stages of the reproductive attempt. 
However, energy expenditure during chick feeding was not correlated to 
energy expenditure during egg laying, measured in these same females. 
Understanding of energetic costs during all phases of the reproductive 
cycle is important to forecast the consequences of climate warming on 
timing of reproduction.
Keywords daily energy expenditure, timing of  breeding, chick rearing, cost of  repro-
duction, match-mismatchEnergetic consequences of mismatched reproduction
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INTRODUCTION
Many insectivorous Passerines in temperate forests feed their young with caterpillars 
which occur only in a short period of time during spring (the caterpillar food peak). 
Breeding success strongly depends on the timing of breeding relative to the timing of 
the caterpillar food peak (Van Noordwijk et al. 1995, Verboven and Visser 1998, Blon-
del et al. 2006). When reproduction is well matched, the occurrence of (large) nestlings 
in the nest coincides with high levels of food abundance. Being mismatched with the 
food peak can have negative consequences for both parents and offspring. Nestlings 
of mismatched nests often ﬂ  edge in lower body condition, which has negative conse-
quences on their survival and recruitment probability (Perrins 1965, Tinbergen and Bo-
erlijst 1990, Linden et al. 1992, Verboven and Visser 1998, Visser and Verboven 1999). 
Parents feeding nestlings also pay higher costs when their reproduction is mismatched 
with the caterpillar peak. When caterpillar abundance decreases, search time for prey 
increases (Naef-Daenzer and Keller 1999, Mols et al. 2004) and as a consequence, par-
ents of mismatched nests have to work harder to bring the same amount of energy to 
the nestlings. Working harder can be costly in terms of adult future reproduction and 
adult survival, as shown by experimental brood enlargements (Nur 1984, Dijkstra et al. 
1990, Daan et al. 1996).
The doubly labeled water technique (Speakman 1997) allows us to measure the ener-
getic costs of free-living parents during chick feeding (see Methods). Although it seems 
logical that energy expenditure increases when the quality of foraging conditions de-
creases previous studies have shown mixed results. In a review, Bryant & Tatner (1991) 
show that energy expenditure can be negatively, positively or not associated with food 
availability (respectively in 4/6, 1/6 and 1/6 species). More recently, Thomas et al (2001) 
showed that mismatched blue tit (Cyanistes caeruleus) parents had higher energy expendi-
ture compared to well timed parents. A similar result could not be demonstrated in a 
larger data set of two Dutch populations of great tits (Parus major), potentially because 
food availability is overall higher in the Dutch population compared to the Corsican 
population masking the negative effect of mismatched reproduction (Verhulst and Tin-
bergen 2001). However, Verhulst and Tinbergen (2001) also state that if they had found 
a correlation between energy expenditure and date relative to the food peak, this could 
be caused by factors other than the timing relative to the food peak. Seasonal differ-
ences in energy expenditure could be caused by late breeders being low quality birds or 
birds in low quality habitats, potentially causing their energetic budgets to be different 
from earlier breeding birds. Also, late breeding pairs often have a lower clutch size and 
thus brood size (Kluijver 1951) compared to early breeders; food availability and brood 
size are thus confounded as late breeders raise their nestlings in a period of low food 
availability. Since parental energy expenditure is correlated to brood size (Sanz and Tin-
bergen 1999), energetic measurements between early and late breeders are difﬁ  cult to 
compare. Finally, females might differ in their reproductive effort which could increase Chapter 5
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variation in DEE when females do not fully compensate for low food availability, re-
sulting in compromised ﬂ  edgling growth, or loss of their own body mass. Therefore, 
variation between females in energy expenditure might mask the relationship between 
food availability and energy expenditure, perhaps causing the mixed results found in 
previous studies.
An alternative approach is to measure the effect of food availability on energy ex-
penditure within individuals. Measures of energy expenditure within individuals dismiss 
differences in habitat quality and other between individual differences (although dif-
ferences in female quality can only be accounted for when timing of breeding is ma-
nipulated) and focuses on changes between two measurements.  Within females, there 
are a number of changes over the season which can affect energy expenditure; i) food 
availability, ii) nestling age and iii) temperature. Nestling food requirements and parental 
feeding rates increase when nestlings get older (to an asymptote around day 10; Royama 
1966)). Age (and thus mass) of the nestlings can affect parental energy expenditure 
(Hails and Bryant 1979, Deerenberg et al. 1995), but this is not always the case (Sanz 
and Tinbergen 1999). Nestling age can be easily manipulated with a cross fostering ex-
periment. Temperature is likely to affect energy expenditure since costs for thermoregu-
lation go up under cold conditions (Calder 1974), and foraging efﬁ  ciency for spiders 
(10-60% of great tit nestling diet depending on caterpillar availability; Naef-Daenzer et 
al. 2000)) decreases under cold conditions (Avery and Krebs 1984). Although territory 
temperature can not be manipulated in the ﬁ  eld, its effects can be corrected for using 
statistical modeling. Thus measuring energy expenditure within individuals in combina-
tion with a temporal cross fostering of nestlings is a good way to study the effects of 
food availability on energy expenditure.
The aim of this study is to compare variation in energy expenditure within females 
feeding nestlings in relation to varying caterpillar availability.  We experimentally ma-
nipulated brood size (when the original nestlings were 6 and 14 days old) by providing 
a standardized brood in terms of number and nestling age and measured energy ex-
penditure of the female over 24h using the doubly labeled water (DLW) technique. We 
predicted that energy expenditure of females differs between the ﬁ  rst and the second 
measurement, and that these differences depended on the timing of breeding; early fe-
males might experience sufﬁ  cient food availability during both measurements, whereas 
late females are expected to be measured under (very) low caterpillar availability result-
ing in high energy expenditure. Also, under low food availability, we predict that females 
compromise weight gain of the foster nestlings and/or their own body weight.
METHODS
In 2008, daily energy expenditure (DEE) was measured twice in the nestling phase for 
28 female great tits (Parus major) of the Hoge Veluwe study site (52° 02’ 07” N 5° 51’ 32” Energetic consequences of mismatched reproduction
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E; The Netherlands). The Hoge Veluwe study area consists of 171 ha mixed woodland 
on poor sandy soils, dominated by oak and pine with about 400 nest boxes.
Measuring daily energy expenditure
Doubly labeled water technique
The double labeled water technique (Speakman 1997), which enables us to measure 
DEE in free living animals, makes use of two isotopes (2H and 18O) which are injected 
in the body water of the animal (as a mixture of 2H2
16O and 1H2
18O). Oxygen isotopes 
in body water are in complete and rapid exchange equilibrium with the oxygen in dis-
solved CO2. As a result 18O injected into the body water will be eliminated by the ﬂux 
of water through the body, the uptake of unlabelled oxygen when breathing in and the 
elimination of labelled CO2 when breathing out. Because 2H is only be washed out by 
the ﬂux of water, a measure of CO2 production and hence energy expenditure is made 
possible by the differential elimination of the two labels. DEE includes costs for ther-
moregulation, foraging and body maintenance.
Field methods
Nest boxes were checked twice a week from the beginning of April to monitor nest 
building. Once the bottom of the box was covered with nest material, nests were 
checked daily to determine exact laying dates. Nests were visited from two days before 
the expected hatching date to ensure that the exact hatching date (the date at which at 
least one chick had hatched) was recorded. Both parents were caught using a spring trap 
when nestlings were six days old. They were ringed with a unique numbered aluminum 
Figure 5.1. Blood sampling a female 
great tit (Parus major) for isotope analysis. 
A brachial vein is punctured from which 
the blood is collected in capillary tubes. 
Bleeding is stopped with a piece of 
cotton wool (photo SLW).Chapter 5
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ring on one leg and three colour rings with a PIT tag glued to it (~0.25 gram; allowing 
us to record visit rates, see below) on the other leg. 
When nestlings were 6 and 14 days old (day of hatching = 0), females were caught 
in the nest box using a spring trap. Immediately after catching, each female was injected 
intraperitoneally with 100μl DLW using a 0.3ml 0.33 x 12 mm syringe and then weighed 
to the nearest 0.1 gram and kept in a cotton bird bag for an hour. During this hour, 
the original nestlings were weighed and swapped for eight (weighed) chicks of 10 days 
old from a non-experimental nest. One hour after the injection, when the DLW is in 
equilibrium with the body water, an initial blood sample was taken from a brachial vein 
(2 x 15 μl) and stored in non-heparinized 25 μl capillaries (Fig. 5.1). The capillaries 
were ﬂ  ame-sealed immediately to prevent gas exchange. Each female was recaptured 
24 hours after the initial DLW blood sample (mean ± SE = 24h 15min ± 5min; range 
= 23h 12min – 26h 54min). A ﬁ  nal blood sample was taken from a brachial vein (3 x 
15 μl) and body mass was recorded before the female was released.  All nestlings were 
swapped back to the original nest boxes after being weighed. Never was a nest left 
without nestlings. 
Measuring isotope ratios in the samples
Isotopes were analyzed at the Centre for Isotope Research using methods described in 
detail elsewhere (Visser and Schekkerman 1999, Visser et al. 2000, Van Trigt et al. 2002).     
The blood in the capillary tubes was distilled in a vacuum line and brought into a stand-
ard vial for automatic injection into the isotope ratio mass spectrometer system. Local 
water standards (gravimetrically prepared from pure 2H- and 18O-water), that cover the 
entire enrichment range of the plasma samples, were applied for calibration purposes. 
The actual 18O and 2H measurements were performed in automatic batches using a 
High Temperature pyrolysis unit (Hekatech, Wegberg, Germany) coupled to a GVI 
Isoprime Isotope Ratio Mass Spectrometer for the actual isotope analysis.
Calculating daily energy expenditure
The rate of CO2 production was calculated according to formula 7.17 of Speakman 
(1997):
rCO2 = (N / 2.078) ∙ (k18O-k2H) – 0.0062 ∙ k2H ∙ N
where N is the total body water (TBW) and k18O and  k2H are the rates at which 18O and 
2H are eliminated from the body per hour (log decay divided by time interval between 
the initial and ﬁ  nal sample). Since the amount of TBW can differ between the initial 
and the ﬁ  nal capture (24h apart) due to body mass variation , we used the average pool 
size (average body mass multiplied by the percentage TBW) as suggested by Lifson & 
McClintock (1966). We assume a constant TBW% of 66% based on dried great tits Energetic consequences of mismatched reproduction
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(Mertens 1987). An energy equivalent of 27.8 kJ per liter CO2 produced was used to 
transform CO2 production into energy expenditure after which it is multiplied by 24 to 
get daily energy expenditure.
Estimating caterpillar biomass
From May 1st to May 30th, caterpillar droppings were collected under 12 oak trees 
(Quercus robur) on 11 locations spread throughout the study site using frass nets; a cheese 
cloth of 0.25 m2 in a metal frame, with a weight hung from the centre of the net; two 
frass nets per tree; about 1–1.5 m from the stem (Visser et al. 2006). Caterpillar drop-
pings were collected two times per week, dried at 60oC for 24 h, sorted (i.e. all debris is 
removed) and weighted to the nearest 0.001g. Caterpillar biomass was calculated using 
the temperature dependent formula of Tinbergen and Dietz (1994). Temperature data 
from Royal Netherlands Meteorological Institute (KNMI), location ‘Deelen’ were used 
(approx. 2 km from the study site). We used average caterpillar biomass over the 12 
trees. 
Visit rates
When nestlings were four days of age, each nest box was equipped with a transponder 
plate around the entrance hole containing a metal coil to record nest box visits of the 
tagged parents. Visit rates were recorded for the 28 nests of during both 24h periods 
over which the females’ DEE was measured. Due to technical failure, we lost visit rate 
data for one of the two observations for four nests and visit rate information from one 
nest completely. For a subset of nests we also collected visit rates on the day after the 
ﬁ  rst measurement (n = 21) or the day before the second measurement (n = 14). For 
these nests we could thus see how visit rates changed as a result of the cross fostering 
experiment.
Each visit should have two recordings of the PIT tag (once of the parent going in 
and once going out of the nest box). However, readings are not always accurate depend-
ing on the position of the birds’ legs when entering/leaving the box. It can also happen 
that a bird will sit in the nest box opening, resulting in many ‘recordings’ in a short 
period. Therefore we counted the number of minutes during which at least one reading 
was recorded. This visit rate was highly correlated with the visit rate scored from video 
recordings of the nest when the nestlings where 10 days old (linear regression: P < 
0.0001, R2 = 0.72). When nestlings were 15 day old, parents were caught again and PIT 
tags were replaced by a unique combination of colour rings.
Statistics
For all analyses (unless stated otherwise), we used linear mixed models with Gaussian 
error structure and female identity as a random effect to account for the fact that each 
female was measured twice. We ﬁ  rst analyzed the variation of DEE as a function of Chapter 5
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date. We expected that DEE measures differ between the ﬁ  rst and the second measure-
ment, but that these differences depend on the timing of breeding (since early breed-
ing pairs are better synchronized with the food peak). Thus, we expected a signiﬁ  cant 
measurement*date interaction. Since we hypothesized that a potential date effect would 
have been caused by changes in food availability during the season, we then substituted 
‘date’ by ‘caterpillar biomass’. Least signiﬁ  cant terms were removed from the model, 
starting with the interaction, resulting in a ﬁ  nal model with only signiﬁ  cant variables. 
Parameter estimates and P-values of non-signiﬁ  cant variables come from model com-
parisons between the ﬁ  nal model and a model in which the non-signiﬁ  cant variable was 
added to the ﬁ  nal model (Table 5.1). In these models, temperature and female body 
mass were included as a covariate. Hourly temperatures were averaged over the 24 hour 
period over which DEE was measured.
The amount of energy expended is likely to be a function of provisioning rate and 
search time. Therefore we ran an additional mixed m odel with DEE as response vari-
able, female ID as random effect and temperature, visit rate and caterpillar biomass as 
explanatory variables.
Linear mixed model; n = 28 females, 56 observations
Variable Estimate SE df L-ratio P-value
(a) Temperature -1.04 0.35 1 8.07 0.005
Measurement 1 113.95 20.43
Measurement 2 52.19 23.32
Measurement 1 * date -0.092 0.40
1 6.19 0.013
Measurement 2 * date 1.039 0.44
  Original  brood  size 0.77 0.46 1 2.90 0.089
Female body mass 1.93 1.13 1 2.86 0.091
(b) Temperature -1.01 0.39 1 6.82 0.009
Measurement 1 107.89 6.18 1
Measurement 2 113.38 7.23 1
Measurement 1 * 
caterpillar biomass  0.40 1.04
1 5.17 0.023
Measurement 2 * 
caterpillar biomass -4.23 2.16
Female body mass 1.31 1.16 1 1.30 0.25
Table 5.1. Results of the statistical analysis explaining variation in daily energy expenditure (DEE) of 
female great tits (Parus major) provisioning a standardized foster brood using linear mixed models with 
female as a random effect. We ﬁ  rst modeled the effe cts of date on DEE (a), and then substituted date by 
actual estimates of caterpillar biomass (b). The ﬁ  rst measurement was done when original nestlings where Energetic consequences of mismatched reproduction
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All statistics were carried out using R version 2.9.2 (R Development Core Team 2009) 
(package ‘nlme’). All tests were two tailed and an alpha level of 0.05 was applied 
throughout.
RESULTS
The difference in daily energy expenditure (DEE) of female great tits feeding a foster 
brood of eight young of 10 days old between the ﬁ  rst (day 6) and second (day 14) meas-
urement depended on the timing of breeding (measurement * date interaction; Table 
5.1A; Fig. 5.2). Early breeding females expended less energy during the day 14 measure-
ment compared to the day 6 measurement, whereas the amount of energy expended by 
later breeding females is higher for the day 14 measurements as compared to the day 6 
measurements. Temperature affected DEE negatively. DEE was not affected by female 
body mass (which did not differ between the two measurements (paired T-test: t 1, 27 = 
0.01, P = 0.99)) or original brood size. Although the P-values for original brood size 
and female body mass were rather low, the main result (measurement * date interaction) 
remained signiﬁ  cant independent of the inclusion/exclusion of these variables in the 
model.
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Figure 5.2. Timing of the caterpillar food 
peak (light grey surface) and daily energy 
expenditure measured for 28 chick feeding 
female great tits (Parus major) of the Hoge 
Veluwe study population. Grey lines 
connect the two measurements (corrected 
for temperature; 15 °C) of each of the 28 
females (measured when nestlings were 6 
and 14 days old; corrected for a temperature 
effect of -1.04 kJ day-1 oC-1). Model estimates 
(black solid lines) come from model DEE 
~ temperature + measurement * date (Table 
1A), with female identity as a random effect 
(temperature at 15 °C). Date is expressed as 
April dates (April 1st = 1).Chapter 5
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The clearest change in environmental variables between the ﬁ  rst and the second 
measurement was the decline in food availability (Fig. 5.2). Caterpillar biomass dropped 
fast after peaking around day 44 (April 1st = day 1) and was zero at day 58. However, 
many great tit breeding pairs (including the females measured) still had nestlings to feed. 
By replacing ‘date’ with ‘caterpillar biomass’ in the model (Table 5.1B) we found that the 
difference in DEE between the two measurements depended on the caterpillar biomass 
(signiﬁ  cant measurement * caterpillar biomass interaction; Fig. 5.3.). This difference 
was mainly caused by the fast increase in DEE with decreasing caterpillar availability of 
the second measurements (Fig. 5.3).
We also evaluated the weight changes of the foster brood and the female during the 
measurement period. Weight gain of the 10 day old foster broods over the 24h measur-
ing period was higher for the ﬁ  rst measurements (day 6) than for the second measure-
ments (day 14; 7.2 and 2.8 gram per 24h respectively, df = 1 L-ratio = 5.45 P = 0.020) 
and did not change through the season (date * measurement: df = 1 L-ratio = 0.14 
P = 0.71; date (corrected for measurement): df = 1 L-ratio = 1.11 P = 0.29). Female 
body mass at the start of the 24h measurement period did not differ between the ﬁ  rst 
and second measurement (paired t-test: t = 0.01, df = 27, P = 0.99). Female body mass 
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Figure 5.3. Model predictions of DEE as a 
function of caterpillar biomass, based on the 
model in Table 1B, shown for four females 
with different timing of reproduction relative 
to the caterpillar food peak (lines connects 
the two DEE measurements (corrected for 
temperature) per female); latest female measured 
(----), a females which ﬁ  rst measurement (day 
6) was halfway in the caterpillar decline (·–·–·), 
a female where the day 6 measurement was at 
the food peak (······) and  the earliest female 
measured (——).Energetic consequences of mismatched reproduction
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did not change over 24h during the ﬁ  rst measurement of DEE (paired t-test: t = 0.81, 
df = 27, P = 0.4240), however, female body mass decreased during the second DEE 
measurement (paired t-test: t = 4.09, df = 27, P = 0.0003). Neither female body mass, 
nor the change in body mass over the 24h measurement period, changed throughout 
the season.
Variation in DEE within females was partly explained by variation in visit rates; 
high visit rates were associated with high DEE (Table 5.2). We also found an additional 
negative effect of caterpillar biomass showing that, independent of visit rate and tem-
perature, the energy expended increased when food availability decreased. 
Visit rates during the ﬁ  rst DEE measurement were higher compared to visit rates 
the following (non-experimental) day in most cases (increase for 17 out of 21 cases, 
Wilcox Signed Rank P = 0.004). For 9 out of 14 females, visit rates during the 24h hour 
period of the second DEE measurement were low compared to visit rates the preced-
ing (non-experimental) day (Wilcox Signed Rank p = 0.13).
DISCUSSION
In this paper we present the ﬁ  rst example of a within-individual study on the effects of 
food availability on daily energy expenditure (DEE) of female birds feeding nestlings. 
We measured DEE of 28 female great tits twice (eight days apart) while they were 
feeding a standardized brood and showed that the DEE during the second measure-
ment was lower for early breeding birds, which bred when food was still abundant, but 
considerably higher for late breeding birds, which bred when food abundance rapidly 
declined.
As search time for prey decreases exponentially with food availability (Naef-Daenzer 
and Keller 1999), a decrease in food availability at high densities of food will not have a 
strong effect on search time, whereas search time will strongly increase when food avail-
ability decreases when it was already low. We therefore expected that most ﬁ  rst DEE 
measurements (when original nestlings were six days old) would be low compared to the 
second measurement, especially since the food peak in 2008 appeared to be one of the 
highest in  the last 30 years. While this prediction was met for later breeding females this 
Table 5.2. Variables affecting daily energy expenditure (DEE) of female great tits (Parus major) provisioning 
a standardized foster brood using linear mixed models with female as a random effect.
Linear mixed model; n = 27 females, 50 observations
Variable Estimate SE df L-ratio P-value
Temperature -1.03 0.35 1 8.85 0.003
Visit rate 0.039 0.015 1 7.18 0.007
Caterpillar biomass -1.41 0.70 1 4.18 0.041Chapter 5
88
was not so for early females: their energy expenditure during the ﬁ  rst measurement was 
higher than their energy expenditure during the second measurement (when original 
nestlings were 14 days old and food conditions had deteriorated). A possible explana-
tion for this comes from the change in visit rates as a result of the cross fostering ex-
periment. Provisioning rate naturally increases when nestlings get older (Royama 1966, 
Perrins 1979) probably due to increased nutritional needs (Mols et al. 2005). However, 
in our study, visit rates during the ﬁ  rst measurement period (when the 6 day old original 
nestlings were replaced by a 10 day old foster brood) were higher compared to visit 
rates the following (non-experimental) day. For nine out of 14 females, visit rates during 
the second measurement were low compared to visit rates on the preceding day. Dur-
ing the ﬁ  rst measurement, small nestlings are replaced by older larger nestlings, which 
likely resulted in a sudden increase in food demand. During the second measurement 
the older nestlings were replaced by younger smaller nestlings, therefore possibly relax-
ing food provisioning for the parents. Because most ﬁ  rst measurements were done in a 
period with high food availability, parents were able to meet the nutritional needs of the 
nestlings. Weight gain of the foster brood during the ﬁ  rst measurement was similar to 
that reported in Van Balen (1973) and female body mass did not decrease over the 24h 
measuring period for the ﬁ  rst measurement. Therefore, we believe that the sudden in-
crease in food demand (in combination with high food availability) increased visit rates 
during the ﬁ  rst measurement which in turn increased the DEE. 
When food availability decreases, females should work harder in order to bring the 
same amount of food to the nestlings, which may affect the body mass of the female. 
However, females might not work as hard as needed to fully compensate low food avail-
ability and thus might compromise chick growth to prevent the costs associated with 
working hard. Indeed, average weight gain of the foster brood was lower during the 
second measurement period compared to the ﬁ  rst. Even with the increased DEE dur-
ing the second measurement, chick growth was compromised. Also female body mass 
decreased over the 24h period of the second measurement, but not during the ﬁ  rst 
measurement. This might reﬂ  ect an increased work rate during low food conditions. 
Daily energy expenditure of the measurements when the original nestlings were 6 
days old did not change over date between females, whereas DEE measurements at day 
14 increased with date (and food shortage). This is not caused by a lack of variation 
in caterpillar biomass, but probably due to a threshold level of food availability under 
which work rate (and DEE) is not affected by food availability. This parallels results of 
Tremblay et al (2003) who showed that ﬂ  edgling success increased with food availability, 
but leveled off when food availability exceeds a threshold. Therefore, not only the tim-
ing of the food peak, but also its width is important in understanding consequences of 
mismatched reproduction on energy expenditure. 
Our results show that there is ample variation in DEE measures among females. 
Indeed, model comparison between a model with and without the female identity as a Energetic consequences of mismatched reproduction
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random effect shows that female differences explain a signiﬁ  cant part of the variation 
in DEE (df = 1, L-ratio = 6.84, P = 0.009). The strength of our study is that we studied 
the relationship between food availability and energy expenditure within females, there-
fore excluding differences between females, although we can not exclude subtle differ-
ences between individuals in their response to changing food conditions. If we would 
only have used the measurement on day 6 or day 14, and thus compare DEE among 
females, we would not have found a relationship between DEE and food availability (P 
= 0.83 and P = 0.10 respectively) like in many other studies (see introduction). 
The amount of energy expended is likely to be a function of provisioning rate and 
search time (Table 5.2). We found that females which had high visit rates also had high 
DEE. We also found an additional negative effect of caterpillar biomass, showing that 
independent of visit rate and temperature the energy expended increases when food 
availability decreases. This most likely resembles an increase in search time for prey, 
which not necessarily shows up in the feeding rates. Our interpretation is that the ener-
getic costs of searching for prey increased when caterpillar biomass decreased.
The ability to work hard (and expend energy) during chick rearing might be af-
fected by the workload (or energy expended) in earlier phases of the breeding cycle. 
For example, Monaghan et al (1998) have shown that female lesser black-backed gulls 
(Larus fuscus) which had experimentally increased costs during egg laying (by producing 
more eggs) had reduced offspring rearing capacity in the nestling stage. For 27 of the 
28 females of which we measured DEE during chick feeding, we also measured DEE 
during egg laying (te Marvelde et al. 2012). DEE during egg laying is mainly affected 
by temperature, which is increasing throughout the laying period. So, early females lay 
eggs under colder conditions and at higher energetic costs. We can use these data to test 
whether these costs at eggs laying have on effect during chick rearing, either as a carry 
over effect or because early laying females will have high DEE during egg laying but 
will be better matched during chick feeding and hence have lower DEE during chick 
feeding. In our data set however, DEE during chick feeding was not correlated to DEE 
during egg laying (df = 1, L-ratio = 0.069, P = 0.79).
Understanding the energetic consequences of mismatched timing of reproduction 
is important as climate warming is still increasing the mismatch between the timing 
of maximum food availability (timing of the food peak) with the timing of maximum 
food requirements (nestlings of 10 days and older; Visser et al. 1998, Visser et al. 2006).   
Therefore, parents will have to spend increasing amounts of energy to rear their off-
spring. Ultimately, this has to come at a ﬁ  tness cost, either in terms of future repro-
ductive success of the parents or in ﬁ  tness of their offspring, as their ﬂ  edging weight 
decreases. Even in recent years, virtually all birds have been breeding during the decline 
in the food abundance (Fig. 5.2) and if the rate of adaptation in the timing of reproduc-
tion keeps lagging behind the rate of climate change these increased energetic costs are 
likely to have consequences for population viability (Visser 2008).Chapter 5
90
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ABSTRACT 
Climate change has profound ecological effects in birds, with the clearest 
effect a shift in timing, or phenology, of avian reproduction. To assess the 
consequences of these shifts, we performed a literature search and com-
pared the rates of phenological change in the reproduction of birds with 
that of the food for their offspring. While in some areas the rate of change 
of the birds and their food was similar, there were also areas where the 
birds’ shift lagged behind that of their food. In these cases, this will lead to 
a phenological mismatch, which will affect the ﬁ  tness of the brood. There 
are two hypotheses explaining why climate change leads to mismatched 
reproduction: either the cues used no longer accurately predict the peak in 
food abundance (the cues hypothesis) or the ﬁ  tness costs of egg produc-
tion and/or incubation of laying early enough to match reproduction are 
substantial in early spring and are not compensated by the ﬁ  tness beneﬁ  ts 
of a better matched reproduction (constraint hypothesis). In the latter 
case, the phenological mismatch is adaptive. We present a simple math-
ematical model to show that this may be the case if there are ﬁ  tness costs 
of egg laying and/or incubation under cold conditions and if the temper-
atures that determine the peak in food abundance increase stronger than 
the temperatures affecting the costs of egg laying and incubation, as is the 
case in the Netherlands. Whether or not a phenological mismatch is adap-
tive has important consequences for natural selection acting on timing of 
reproduction. If the mismatch is not adaptive, timing of reproduction 
will be under direct natural selection, while, if the mismatch is adaptive, 
selection is likely to be on the costs of egg production, possibly on egg 
size or adult size. In all cases, a mismatch is expected to have negative 
population consequences and, especially when the mismatch is adaptive, 
these consequences cannot be reduced by a response to natural selection 
on timing directly. This makes experimental studies on laying date, which 
can determine whether the mismatch is adaptive, of crucial importance. 
Keywords timing, phenological mismatch, climate change, reproduction
 Adaptive mismatch
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INTRODUCTION
Climate change has a number of well-documented ecological effects on birds. It has led 
to range shifts in both breeding areas (Thomas and Lennon 1999) and, for short and 
medium distance migrants, wintering areas (Visser et al. 2009; la Sorte and Thompson 
2007), to shifts in body mass or size (Husby et al. 2011a; Teplitsky et al. 2008) and to 
changes in population size (Saether et al. 2000; Jenouvrier et al. 2009; Both et al. 2006). 
The most striking effect of climate change is, however, on timing. Long distance mi-
grants now migrate earlier to their wintering areas, as has been shown from data on 
autumn migration at banding stations (Jenni and Kéry 2003; van Buskirk et al. 2009), 
while medium distance migrants pass through later (Jenni and Kéry 2003; van Buskirk 
et al. 2009).
Climate change also has a strong impact on avian timing of reproduction (Crick et 
al. 1997; Dunn 2004). For instance, Dunn (2004) showed that 45 out of 57 bird spe-
cies (79%) breed earlier in years with high temperatures in the pre-egg laying period. 
Therefore, with increasing temperatures, many bird species have shifted their seasonal 
timing, or phenology, of reproduction during the last decades. But there is ample vari-
ation in shifts in avian breeding date among species; larger species or species whose 
food supply is less affected by climate change (e.g. ﬁ  sh-eating herons) have responded 
less to climate change. Also, within species, there is spatial variation in the shift in tim-
ing of reproduction as has been documented for Great Tits (Parus major) and Blue Tits 
(Cyanistes caeruleus) (Visser et al. 2003) and Pied Flycatchers (Ficedula hypoleuca) (Both et al. 
2004). For the Pied Flycatcher, this variation correlated well with spatial variation in the 
increase in local temperature (Both et al. 2004), while for Great and Blue Tits variation 
in the number of broods produced per year, which likely depends on the forest vegeta-
tion composition, explains part of the variation (Visser et al. 2003). 
How should we interpret these shifts in breeding phenology? On the one hand, they 
can be regarded as a bad sign: apparently climate change has already such an impact that 
its effects can be clearly observed in wild birds. But the shifts can also be regarded as a 
good sign: climate is changing and the birds are changing as well, to keep in pace with 
their environment. To distinguish between these two interpretations,we need some sort 
of a yard-stick: how much should species shift their timing of reproduction to keep up 
with their changing environment (Visser and Both 2005)? 
Shifts in phenology due to climate change vary widely among groups of organisms 
(plants, insects, birds, etc.) but also within these groups (Visser and Both 2005; Parme-
san 2006; Thackeray et al. 2010). This makes it likely that birds are shifting at different 
rates (faster or slower) than other species in their food chain, either their food or their 
predators. As in many species phenological synchronisation of peak food abundance 
and offsprings’ needs is a crucial determinant of ﬁ  tness (Thomas et al. 2001; Visser et 
al. 2006), a potential yard-stick for shifts in avian timing or reproduction is the phenol-
ogy of the food which is used to raise the nestlings. The key comparison is between the Chapter 6
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phenological shift in avian reproduction and the shift in the peak food abundance. In 
the next section, we review the avian literature on this comparison. 
P  HENOLOGICAL MISMATCHES
We searched the literature for papers on avian reproduction which report both the rate 
at which the timing of avian reproduction is shifting over the years and the rate at which 
the phenology of the food for the nestlings of these species is shifting. For this, we 
looked at all 466 papers which cited either Visser et al. (1998), Visser and Both (2005) 
or Sanz (2002), as well as the references cited by these 466 papers, in order to select 
papers that report long-term studies on bird and food phenology (or host phenology 
in the case of cuckoos). Only in 11 papers were rates of change of both tropic levels 
described but some of these described multiple study areas or multiple species, result-
ing in information on 18 pairs of phenology changes (Table 6.1). All phenology rates 
of changes were expressed as days per year (if the shift was not expressed in days per 
year in the paper we calculated this). We also determined whether these papers reported 
ﬁ  tness effects from the mismatch. Such negative ﬁ  tness effects were mostly reported 
as negative selection differentials over the study period, reduced breeding success or 
reduced nestling growth over the study period. In four studies, no ﬁ  tness changes over 
the study period were provided.
  Most of the bird species for which data are available are insectivorous forest pas-
serines (Great Tit, Blue Tit, Pied Flycatcher, Collared Flycatcher Ficedula albicollis; 13 out 
18 pairs). In the Netherlands, Great Tits and Pied Flycatchers have advanced their egg 
laying, but at a slower rate than the advancement of the caterpillar food peak (Visser et 
al. 1998; Both and Visser 2001), resulting in stronger selection for early laying over the 
last decades. A Belgian population of Blue and Great Tits have advanced ﬂ  edging date 
to the extent that they matched the advancement of their food, without negative ﬁ  tness 
effects (Matthysen et al. 2011). Here, phenology of their food was measured indirectly 
via a temperature-dependent formula used for the Dutch population (Visser et al. 2006; 
−0.55 days/year) and via chick mass (mass for 10-day-old chicks is predicted to be high-
est for those well timed with the food peak; −0.72 days/year). Charmantier et al. (2008) 
showed that Great Tits in the UK, which always have been mismatched, are shifting at 
more or less the same rate as the caterpillar food peak. Also, in three populations in the 
Czech Republic, Great Tits and Collared Flycatchers have advanced egg laying to the 
same extent as the caterpillar advancement (Bauer et al. 2010). Sanz et al. (2003) meas-
Left page:
Table 6.1. Overview of papers reporting shifts in the timing of breeding of birds and in the phenology 
of their food (or host) over time (minimum study period 10 years) and its ﬁ  tness consequences. SDM and 
LDM short and long distance migrants; NA not available Chapter 6
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ured advancement of spring via satellite images from which information on the amount 
green vegetation advanced over time can be extracted (NDVI index), which correlates 
with the food peak. The occurrence of green vegetation advanced, but Pied Flycatchers 
did not breed earlier, causing a reduced breeding success over the study period.
There are also a number of studies on species other than insectivorous forest pas-
serines. Sparrowhawks (Accipiter nisus) in the Netherlands have not advanced reproduc-
tion, thus becoming increasingly mismatched with their food source, the ﬂ  edglings of 
passerines which have shifted (Both et al. 2008). A similar pattern is shown for the 
Danish Sparrowhawks (Nielsen and Moller 2006). Unfortunately, in both Sparrowhawk 
studies, changes in ﬁ  tness measured over the study period were not reported. Thick-
billed Murres (Uria lomvia) start breeding when the ice which covers their breeding 
grounds has disappeared. Gaston et al. (2009) showed that median egg laying dates in 
Thick-billed Murres have advanced, but at a slower rate than the advancement of the ice 
melt. When food conditions are favourable, Murres spend more time at the colony, and 
therefore the authors interpret the date of peak attendance as t he time when suitable 
prey are most readily available to the Murres in the waters surrounding the colony. Fi-
nally, an example where the yard-stick is not food but the availability of hosts. Cuckoos 
(Cuculus canorus) in Europe have advanced their arrival to their breeding grounds in 20 
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different locations. Cuckoos lay their eggs in nests of host species, which can be either 
long or short distance migratory passerines. Here, both Cuckoos and long distance mi-
gratory host passerines have advanced arrival to the breeding grounds equally, but short 
distance migratory hosts have advanced arrival to the breeding grounds more strongly 
over the last six decades (Saino et al. 2009).
It is likely that more data on shifts in avian timing of reproduction and of their prey 
are available but that these data are not published, at least not in a single paper. One 
problem hampering such comparisons is that data on different taxonomic groups are 
often collected by different research groups. Potential bird species for which shifts in 
phenology are documented and for which it is possible that data on their food phe-
nology are also available are Black Grouse (Tetra tetrix), where the offspring feed on 
small caterpillars in bilberry (Ludwig et al. 2006, 2010), in so-called meadow species, 
such as Lapwings (Vanellus vanellus) and Black-tailed Godwits (Limosa limosa), where the 
offspring feed on invertebrates living in the grassland vegetation (Schekkerman and 
Beintema 2007), and in sea birds, such as Pufﬁ  ns (Fratercula arctica), which feed on small 
ﬁ  sh, such as Herring, Sandeel and Capelin (Durant et al. 2003). Comparisons of the 
shifts in phenology for these species would make a valuable contribution to the pattern 
in Fig. 6.1.
It i  s clear that there is ample variation in the rate at which populations shift their 
timing (Table 6.1; Fig. 6.1), but note that all but two populations shift (i.e. have a nega-
tive value on the y-axis of Fig. 6.1). Interestingly, this seems mainly due to spatial vari-
ation rather than due to variation between species at the same location (cf. Visser et al. 
2003; Both et al. 2004). When we compare these shifts in phenology of birds with the 
shift of their prey, there is also ample variation (Fig. 6.1). In a large number of popula-
tions, these two shifts are similar; the birds shift as fast in their phenology as their prey. 
However, there are also populations where the birds lag behind the shift in their prey. In 
these populations climate change leads to a phenological mismatch. Again, this seems 
more to do with geographic location rather than species as there is quite some variation 
within species in how much these rates differ. 
It is striking that none of the points in Fig. 6.1 lay substantially below the line, i.e. 
in none of the cases is the birds’ phenology shifting faster than that of their prey. Of 
the studies that report possible ﬁ  tness consequences, there were only three cases with 
negative ﬁ  tness consequences (in terms of ﬁ  tness return from the brood). These were 
also the only cases where the preys’ phenology is shifting much faster than the birds’, 
resulting in an increased mismatch. 
In Fig. 6.1, we compare the shift in laying date with that of the food, but it is obvi-
ously the match between hatching date rather than laying date which matters. However, 
although there may be some phenological adaptation via clutch size, the duration of 
incubation and even in rate of chick development (Matthysen et al. 2011), the possibility 
to speed up or delay the breeding is limited, therefore laying date remains the key trait Chapter 6
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determining the degree of mismatch between offsprings’ needs and food availability. 
Why would climate change lead to a phenological mismatch? There are two hypoth-
eses: the cues hypothesis and the constraint hypothesis. 
Many bird species are phenotypically plastic in their seasonal timing: the same in-
dividual will lay at different times when the annual conditions differ. Birds use cues, 
such as photoperiod and temperature, to time their reproduction (Visser et al. 2010). 
However, the climate variables that are used as cues occur earlier in the year than the 
climate variables that determine the peak in food abundance. If climate change is then 
leading to a stronger increase in, for instance, the temperatures that affect the food peak 
than the temperatures that are used as cues, this will lead to maladaptive plasticity and a 
phenological mismatch. This may be especially true for photoperiod as this is a cue that 
is obviously not changing due to climate change while it is a cue which plays an essential 
role in seasonal timing. This is what we term the cues hypothesis: the cues that are used are 
no longer accurately predicting the phenology of the food peak. 
An alternative hypothesis is based on the fact that egg production and incubation is 
costly, both in terms of energy (Stevenson and Bryant 2000; Nilsson and Raberg 2001) 
and ﬁ  tness (Monaghan et al. 1998; Visser and Lessells 2001). This so-called constraint hy-
pothesis explains phenological mismatches from the ﬁ  tness costs of producing eggs early 
in spring, under harsher conditions, which are not compensated by the ﬁ  tness beneﬁ  ts 
of a better phenological match. Under this hypothesis, phenological mismatches may be 
adaptive. In the next section, we will explore this possibility in more detail. 
 A DAPTIVE MISMATCHES
Ecologists have long been aware that egg laying and incubation is costly. A seminal 
paper by Perrins (1970) argues that birds are simply unable to reproduce very early in 
spring as there will be a date at which they are so constrained by the resources available 
that they are unable to gather enough resources to produce an egg. A slightly different 
way to look at this is that, although birds would be able to produce an egg very early in 
spring, the ﬁ  tness costs of doing so (in terms of, for instance, survival of the female) 
will be so high that the birds will refrain from laying this early. In this view, laying dates 
are a compromise between ﬁ  tness costs of laying early and ﬁ  tness beneﬁ  ts from a 
phenological match between the food peak and the offsprings’ needs (Visser and Lam-
brechts 1999). 
There are now ample data on there are major costs of egg laying and incubation. 
This has been shown in free-living birds by using doubly labelled water to calculate the 
Daily Energy Expenditure (DEE) of birds laying or incubating under warm or under 
cold temperatures. The energetic costs of both laying (Stevenson and Bryant 2000; te 
Marvelde et al. 2011b) and incubation (de Heij et al. 2008) are higher at lower tempera-
tures. This is possibly a consequence of increase thermoregulation under colder condi-Adaptive mismatch
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tions, lower food availability, more effort needed to ﬁ  nd food independent of its avail-
ability, or a combination of all these. There have also been ﬁ  tness costs of egg laying 
demonstrated: birds that are experimentally manipulated to lay more eggs had a lower 
survival (Visser and Lessells 2001) or were less able to rear their offspring (Monaghan 
et al. 1998). There are thus clear costs of reproducing under cold and harsh conditions. 
The ﬁ  tness return (i.e. the number of surviving offspring produced) from a brood 
strongly depends on the match between birds’ reproduction and the food peak. A num-
ber of studies have shown that the energetic costs of rearing offspring depending on 
the match with the food peak (Thomas et al. 2001; Verhulst and Tinbergen 2001; te 
Marvelde et al. 2011c). The number and conditions of ﬂ  edglings produced also de-
pends on the phenological match: both laying too early and laying too late has ﬁ  tness 
consequences (Visser et al. 2006). 
As the phenology of both the birds and the food peak are temperature sensitive 
(Visser et al. 2006), the phenological match between birds and their food also depends 
on temperature. The timing of the food peak depends on the temperature in a period 
which also includes the time the birds are already laying and incubating, and it is the 
temperature in this period which has a large effect on the degree of mismatch (van 
Noordwijk et al. 1995). This is especially relevant as climate change may not be shifting 
temperature in a uniform way (Houghton et al. 2001). Some periods in spring warm up 
faster than others (Visser et al. 1998), and there is large geographical variation in this 
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Figure 6.2. A model on an adaptive phenological 
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during egg laying or incubation (dotted line), 
the value of the young (dashed line) and the 
total  ﬁ   tness (solid line) depend on the timing 
of reproduction relative to the food peak. a The 
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(Both and te Marvelde 2007; Visser et al. 2003). This means that at least in some popula-
tions the temperatures that affect the food peak, and the phenological match, increase 
more than the temperatures that affect the cost of egg production and incubation. 
There are thus costs of being mismatched, but there are also costs of laying under 
cold conditions. It may therefore be adaptive to lay somewhat later than the date that 
would maximise the ﬁ  tness return from the brood (i.e. the number of surviving off-
spring), especially when the weather conditions improve during the season and there-
fore the ﬁ  tness costs of egg laying and incubation decline. However, laying later comes 
at the price of being mismatched at the time of chick feeding (cf. Visser et al. 1998; 
Visser 2008; Jonzen et al. 2007 for migrant birds). To formalise this hypothesis, and 
thereby investigate whether a mismatch between the food peak and timing of repro-
duction could be advantageous, we developed a simple mathematical model as a proof 
of concept. In this model, adult survival depends on temperatures during early spring, 
and the timing of the food peak depends on temperatures during late spring. We use a 
sigmoid function for the temperature-dependent survival of the adult (Fig. 6.2, dotted 
line). The survival probability during egg laying or incubation of an adult is low very 
early in the season, when temperatures are low and very limited food is available in the 
environment, and increases to very high values later in the season, when temperatures 
are higher and the costs of egg laying and incubation are lower. Furthermore, we as-
sume that the reproductive value of the brood is the highest when they are matched 
with the food peak (Fig. 6.2, dashed lines). We assume that a bird has a brood of 9 
young, and that recruitment probability of a single young is 0.2 when they are perfectly 
matched with the food peak. To get total ﬁ  tness, we add up the survival probability with 
the ﬁ  tness return from the brood (number of recruiting offspring × 0.5 to correct for 
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relatedness). 
I  f temperature increases in late spring, causing the food peak to advance, but not in 
early spring, so that the conditions during egg laying and reproduction stay the same, 
it can be optimal to be mismatched (Figs. 6.2 and 6.3; Table 6.2). Being mismatched 
reduces the reproductive success, but increases adult survival and the sum of the two 
leads to a higher ﬁ  tness than when a bird is matched with the food peak. When the 
curves describing adult survival depending on laying date and ﬁ  tness return from the 
brood depending on laying date shift with 10 days relative to each other, the birds’ 
optimal laying date shift not 10 but just 6 days (Table 6.2; Fig. 6.2). Obviously, these 
values depend on the actual parameter values of the model, but the general point is that 
birds should not fully follow the shift in the phenology of their food and thus become 
adaptively mismatched. 
Jo  nzen et al. (2007) developed a model similar to ours but for the optimal time of 
arrival in migratory birds. In their model, the optimal arrival date is a trade-off between 
competition for territories, which favours early arrival, and an instantaneous mortality 
rate that declines over the season, which favours late arrival. Furthermore, the repro-
ductive success is a function of the amount of food that the migratory bird acquired 
during the limited breeding season. Similar to our model, they also found that the shift 
in the optimal arrival date is always less than the shift in the resource peak date, as long 
as the probability of survival to breeding increases when birds arrive later. Furthermore, 
they show that the wider the food peak, the weaker the response to a shift in the phenol-
ogy of the food peak. 
In our conceptual model, the temperature affecting the costs of egg laying and in-
cubation in early spring does not increase while the temperature in late spring affecting 
the food peak does increase. But this not need to be the case. In some areas, both these 
temperatures may increase equally fast or in some species the temperature period af-
fecting reproduction and the food peak phenology may be very similar. Note that it may 
even be the case that differential shifts in temperature due to climate change may also 
  Shift in food
peak (days)
Date of 
maximum ﬁ  tness
Optimal 
mismatch
Maximum 
ﬁ  tness
5 5 0 1.900
0 0 0 1.899
−5 −3 2 1.897
−10 −4 6 1.888
−15 −5 10 1.871
Table 6.2. Results from a model on an adaptive phenological mismatch (Figure 6.2). Fitness for birds 
that match their timing to the phenology of their food and of adaptively mismatched birds. The optimal 
mismatch is the amount of days that a bird should breed later than the shifted food peak to obtain 
the maximal ﬁ  tness. Fitness is the sum of the adult survival during egg laying and incubation and the 
reproductive value of the brood (0.5 times the number of recruits produced) Chapter 6
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relax the costs of egg laying and incubation (when the temperature affecting the costs 
increase stronger than the temperatures affecting the food peak phenology) and thus 
may reduce the mismatch in populations where there used to be an adaptive mismatch 
(Cresswell and McCleery 2003). 
TE  STING ADAPTIVE MISMATCHES
Experiments are needed to test which of the two hypotheses explaining why climate 
change may lead to mismatched reproduction, the cues hypothesis and the constraint 
hypothesis, is true, as under the latter hypothesis the birds may adaptively be mis-
matched. One way to distinguish between them is to experimentally shift the birds to an 
earlier laying date and then measure ﬁ  tness. The predictions of the cues hypothesis is 
that the experimental birds will have the highest ﬁ  tness while the constraint hypothesis 
predicts that the controls will have the highest ﬁ  tness (see Fig. 6.4). Experiments where 
the costs of egg laying or incubation are affected, like heating nest boxes (Yom-Tov and 
Wright 1993; Nager and Van Noordwijk 1992) or supplemental feeding of birds in the 
pre-laying period (Nager et al. 1997), are likely to be inconclusive as these experiments 
not only affect the energetic costs (which under the constraint hypothesis is predicted to 
advance laying date) but also the cues used by the birds (which under the cues hypoth-
esis is predicted to advance the laying date). 
Ho  wever, the question how to manipulate laying date in the wild is not trivial as 
there are drawbacks to all of the methods used to do this (see review by Verhulst and 
Nilsson 2007), like inducing replacement clutches (Verhulst et al. 1995) or swapping 
early and late clutches during incubation (Verboven and Verhulst 1996). One experi-
mental technique that shifted laying dates that did not suffer from these drawbacks was 
an elaborate experiment where in year 1 birds were provided with ample food during 
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Figure 6.4. Predictions of the effect of experimentally shifting laying date earlier (arrow) on ﬁ  tness 
(the number of surviving offspring and the female’s own survival combined). Note that these are curves 
depicting the ﬁ  tness curve for individual females. Under the constraint hypothesis, the ﬁ  tness of the 
experimental animals will be lower than the control, while under the cues hypothesis, the ﬁ  tness of the 
experimental animals will be higherAdaptive mismatch
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incubation (and the controls during chick feeding) which then in year 2 (when there was 
no experimental manipulation) laid earlier (Gienapp and Visser 2006), thereby paying 
the full costs of early laying. Unfortunately, the sample sizes were too small to meas-
ure ﬁ  tness (number of recruiting offspring produced plus adult survival) to determine 
whether the ﬁ  tness of the experimental birds was higher than that of the controls. An-
other type of manipulation which seemed promising is taking wild birds indoors for 1 
day, exposing them for a single day to a long photoperiod, and then releasing them again 
in the wild. While in captivity this treatment led to an early gonadal growth, in the wild 
the experimental birds did not lay earlier (te Marvelde et al. 2011a). Thus, at present, no 
good experimental tests of the hypotheses explaining why climate change may lead to 
mismatched reproduction are available. 
CO  NSEQUENCES OF ADAPTIVE MISMATCHES
Climate change may have caused birds to become mismatched with their food. When 
this is because the cues involved in timing of reproduction no longer accurately predict 
the food peak, birds are actually mistimed: their ﬁ  tness would be higher if they had laid 
earlier (cues hypothesis). In that case, climate change will lead to selection on seasonal 
timing: early laying birds will have a higher ﬁ  tness than late laying birds and hence natu-
ral selection will favour early laying (Visser et al. 1998). Seasonal timing is also known to 
be heritable (Husby et al. 2011b; Sheldon et al. 2003; Gienapp et al. 2006), and recently 
it has also been shown that there is genetic variation in cue sensitivity (Visser et al. 2011; 
Schaper et al. 2011). This genetic variation, in combination with the increased selection 
for earlier laying, will lead to a genetic change, or micro-evolution, in seasonal timing. 
Potentially, this could restore the phenological match, but whether or not this will hap-
pen strongly depends on the rate of micro-evolution relative to the rate of climate 
change (Visser 2008; Husby et al. 2011b). 
If the phenological mismatch is actually adaptive, because the ﬁ  tness costs of pro-
ducing eggs earlier do not outweigh the ﬁ  tness beneﬁ  ts of being matched (the con-
straint hypothesis), birds are mismatched but not mistimed. Natural selection will thus 
not select for laying earlier given the constraints acting on egg production and incu-
bation. However, there will be selection on these costs, for instance via selection for 
smaller eggs or for a smaller body size of the bird (Husby et al. 2011a; Haywood and 
Perrins 1992). If natural selection has led to a response in the traits then the optimal 
laying date will shift in the direction of a better phenological match (Visser 2008). 
Another scenario in which the mismatch can be reduced is when, due to climate 
change, there is an increase in the temperatures affecting the costs of egg production 
and incubation leading to a decrease in these costs. In that case, laying date will advance 
simply because of phenotypic plasticity. The paradox is that further climate change 
could restore the phenological match provided that the temperatures in early spring Chapter 6
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increase but not in late spring, i.e. the opposite pattern of what has happened in the 
Netherlands. 
If the rate of micro-evolution is too low and if the increase in early spring tempera-
ture keeps lagging behind the increase in temperature late in spring, the phenological 
mismatch will persist. This is likely to have negative effects on population viability, as 
was shown for the Pied Flycatcher (Both et al. 2006). Even under the constraint hy-
pothesis, where birds may be mismatched but not mistimed, there will be a cost in term 
of offspring productivity: the more mismatched the lower the ﬁ  tness (Table 6.2) even 
though birds cannot increase their ﬁ  tness by laying earlier or later. This resembles the 
situation where climate change leads to a deterioration of the habitat but not to mis-
matched reproduction: no selection for earlier laying but still a decline in ﬁ  tness (see ﬁ  g. 
1 in Visser 2008). Thus, even in the case of an adaptive mismatch, there is a potential 
negative effect on population viability due to climate change. In fact, this is a situation 
which is likely to have even more severe population consequences as, in the case of an 
adaptive mismatch, there will be no response to selection on timing directly and hence 
natural selection will not reduce the negative effects of the mismatch on population 
viability. 
C  ONCLUDING REMARKS
Climate change is affecting the phenology of many species and can lead to a phenologi-
cal mismatch between the offsprings’ needs of birds and the peak in food abundance. 
While at a ﬁ  rst glance this appears to be maladaptive, this may not be the case if there 
are ﬁ  tness costs of egg laying and/or incubation under cold conditions, as has been 
demonstrated to be the case, and if the temperatures that determine the peak in food 
abundance increase stronger than the temperatures affecting the costs of egg laying 
and incubation, as is the case in the Netherlands. In that case, earlier laying may lead 
to an increase in ﬁ  tness costs that are not compensated by the ﬁ  tness beneﬁ  ts of a 
better phenological match. As an adaptive mismatch has evolutionary and ecological 
consequences, it is important to test the adaptive mismatch hypothesis by experimental 
manipulation of laying date in the wild. 
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A SINGLE LONG DAY TRIGGERS FOLLICLE 
GROWTH IN CAPTIVE FEMALE GREAT TITS 
(PARUS MAJOR) IN WINTER BUT DOES NOT 
AFFECT LAYING DATES IN THE WILD IN 
SPRING
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ABSTRACT
In many forest passerine bird species, rapid climate warming has led to 
a phenological mismatch between the period of maximum food require-
ments (large nestlings) and the period of maximum food availability (sea-
sonal caterpillar biomass peak) due to an insufﬁ  cient advancement of the 
birds’ laying dates. The initiation of laying is preceded by the development 
of the gonads, which in birds are regressed outside the breeding season. 
Increasing day length in late winter and early spring triggers a cascade of 
hormones which induces gonadal development. Since day length is not al-
tered by climate change, one potential restriction to advancing laying date 
is the seasonal timing of gonadal development. To assess the importance 
of gonadal growth for timing of reproduction we experimentally manipu-
lated the timing of gonadal development. We show that the growth of 
the largest follicle of captive female great tits (Parus major) increased after 
being exposed to just a single long day in winter (20 hours of light fol-
lowed by 4 hours darkness). We then photostimulated wild female great 
tits from two study areas in a ﬁ  eld experiment in spring for a single day 
and determined their laying date. These populations differed in the avail-
ability of food allowing us to test if food availability in combination with 
photostimulation affected egg laying dates. Despite an expected difference 
in the onset of gonadal growth, laying dates of photostimulated females 
did not differ from control females in both populations. These results 
suggest that wild great tits are not restricted in the advancement of their 
laying date by limited gonadal development.
Keywords single long day, laying date, gonadal development, timing of  reproduction, 
photoperiodism, photostimulation, match-mismatchPhotostimulation in great tits
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INTRODUCTION
Breeding success largely depends on the timing of breeding relative to the timing of 
maximum food availability (Van Noordwijk et al. 1995, Verboven and Visser 1998, Vis-
ser and Verboven 1999). Many forest passerine bird species in temperate regions feed 
their young with caterpillars, which occur only in a short period of time during spring 
(caterpillar biomass peak). Due to increased spring temperatures, the window in which 
food availability is high has shifted forward in time over the last 25 years (Visser et al. 
2006). As a result, the optimal timing for breeding advanced, but many species, like the 
great tit, have not adjusted their timing sufﬁ  ciently, causing them to breed too late (Vis-
ser et al. 1998, Crick and Sparks 1999, Visser et al. 2006).
The reproductive system of most seasonally breeding birds, including great tits, 
shows a clear seasonal pattern (Murton and Westwood 1977, Silverin 1994). Gonads 
are regressed during winter, grow slowly during late winter and grow rapidly in spring 
until fully developed. Gonads are regressed again after the breeding season. The rapid 
growth in spring is affected by increasing day length, which causes the release of gonad-
otrophins (Murton and Westwood 1977, Dawson et al. 2001, Sharp 2005). Although it 
has been shown that temperature can affect the speed at which gonads develop in great 
tits breeding in Southern latitudes (Silverin et al. 2008), the speed of gonadal develop-
ment in great tits breeding in more Northern latitudes is not accelerated by increasing 
spring temperatures (The Netherlands: Schaper et al. 2011; Scandinavia: Silverin et al. 
2008). In these latitudes, gonadal growth is driven by photoperiod (Silverin et al. 2008). 
Increasing spring temperatures due to global warming will therefore not advance the 
birds’ readiness to reproduce. As climate change does not affect the seasonal change in 
photoperiod, a possible reason as to why great tits are not advancing their laying date 
adequately is that gonads are not fully developed early enough to allow early egg laying. 
To test whether gonadal development is hampering early egg laying, gonadal devel-
opment needs to be experimentally advanced. This could be done by manipulating the 
photoperiod a bird experiences, as is shown in an experiment where blue tits (Cyanistes 
caeruleus) in captivity (with ad libitum food) could be tricked into laying their eggs in win-
ter (January) by exposing them to long days from December onwards (Lambrechts and 
Perret 2000). Under a natural photoperiod, egg laying in January is not possible as the 
reproductive system will not be fully developed at that time.
Although photoperiod is easily manipulated in captive birds, photostimulating birds 
in the ﬁ  eld has many practical problems, such as ﬁ  tting a large number of nest boxes 
with a light, batteries and a timer. More importantly, birds do not always sleep in a 
particular nest box in the period before egg laying and thus it is difﬁ  cult to determine 
which bird is photostimulated and by how much. Taking wild birds into captivity for 
photostimulation treatment for long periods can cause problems as breeding vacancies 
as a result of the removal of territorial birds are ﬁ  lled within a few days by unpaired 
birds, which may lead to ﬁ  ghts after release of the original territory holder or its female Chapter 7
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(pers. comm. P. de Goede (NIOO-KNAW)).
Previous experiments have shown that the exposure to ‘a single long day’ can affect 
levels of hormones involved in reproduction. Nicholls et al. (1983) kept Japanese quail 
under 8L:16D and gave them a single long day of 20L:4D resulting in an increase of 
luteinizing hormone (LH) and follicle stimulating hormone (FSH) within four hours 
of the end of the long day. These birds were kept in constant darkness thereafter and 
their LH and FSH levels decreased slo wly over the next 8 to 10 days. Creighton and 
Follett (1987), who performed a similar experiment, kept Japanese quails under short 
day lengths after just one long day and report that LH remained elevated for three 
days after photostimulation. Follett et al. (1975) have shown that LH levels of white-
crowned sparrows (Zonotrichia leucophrys gambelii) transferred from short (8L:16D) to 
long days (20L:4D) increased six-fold in ﬁ  ve days, with the largest increase after the ﬁ  rst 
day (three-fold increase). Saab et al. (2010) has shown that a single long day increased 
gonadotrophin-releasing hormone and LH concentrations in white-throated sparrows 
(Zonotrichia albicollis). A single long day also affects gonadal growth of both male and 
female Song sparrows (Melospiza melodia). Wingﬁ  eld (1993) showed that after one single 
long day, females’ gonads grew for up to 60 days, even though the changes in LH and 
FSH were only present for a few days. In all of the experiments above food was avail-
able ad libitum. If a single long day would affect gonadal growth in wild female great tits, 
it would allow us to test the hypothesis that laying dates are restricted by photo-induced 
gonadal growth.
Outside the breeding season gonads are regressed, implying that there are costs 
connected with having and/or maintaining fully developed gonads. These costs can 
be present in terms of increased risk of predation due to lower aerial maneuverability 
and take-off ability (Hedenstrom 1992, Witter et al. 1994, Metcalfe and Ure 1995), but 
might also involve energetic maintenance costs. Thus, it is likely that advancing gonadal 
growth in spring also comes with a cost. If energetic costs restrict early gonadal devel-
opment, only birds in habitats with high food availability might be growing their gonads 
as a reaction to a single long day.
The aim of this study was to determine (i) if a single long day induces gonadal 
growth in captive female great tits and (ii) if a single long day in spring affects laying 
dates in two ﬁ  eld populations which differ in the availability of supplementary food in 
the period before and during egg laying. If gonadal growth restricts early egg laying, 
we expect photostimulated birds to lay earlier compared to control birds in both study 
areas. If gonadal growth is restricted by a combined effect of photoperiod and food 
availability, we expect only those birds in the population with available supplementary 
food during the pre-laying period to advance egg laying. Photostimulation in great tits
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METHODS
Study areas
This study was carried out in two 
study areas, Hoge Veluwe and 
Oosterhout (the Netherlands), 
about 50 km apart. Strong natural 
selection for early laying females 
exists in both populations (Vis-
ser et al. 1998 and unpubl data 
MEV). The study sites were cho-
sen for this experiment because 
food availability in the period 
before egg laying differs between 
them. National Park ‘De Hoge 
Veluwe’ (52° 02’ 07” N 5° 51’ 
32” E) is a mixed forest on poor 
sandy soils, while Oosterhout (51° 
52’ 22” N 5° 50’ 22” E) is a rich 
deciduous forest on rich river 
clay. Besides ﬁ  nding food in the 
rich undergrowth, females of the 
Oosterhout population regularly 
ﬂ   y to the nearby village (maxi-
mum distance 1 km) to feed on 
the abundant supplemented food 
(observed during radio tracking, 
unpublished data LtM & MEV). 
This food was available until most 
birds laid their eggs and consisted 
mainly of fat and peanuts. Over 
the last 25 years, natural selection 
favored early breeding in 21 of 
the past 25 years in Oosterhout 
and in 23 out of 25 years in the 
Hoge Veluwe (Visser et al. 2006, 
unpubl data MEV).
Aviary experiment
To test if one (or two) long days 
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initiate gonadal growth, we caught 15 wild female great tits at the end of November 
2008 around the Netherlands Institute of Ecology, Heteren (The Netherlands; 51° 57’ 
20”N - 5° 44’ 34”E). All females were housed in one large outdoor aviary under natural 
light and temperature conditions and ad libitum food and water. Six days before the light 
treatment (December 5th 2008), length of the largest ovarian follicle of all females was 
measured during laparotomy without knowledge of the treatment each female would 
be assigned to. To measure follicle development, a small incision was made between the 
last two ribs on the left side. By parting the ribs slightly, length of the largest follicle was 
measured to the nearest 0.1 mm with an ocular scale. When the length of the largest 
follicle was too small to be measured (signiﬁ  cantly smaller than 0.1 mm) we reported a 
length of 0.05mm (n = 3 in December). All laparotomies were carried out by SVS under 
light Isoﬂ  urane anesthesia. 
For the ﬁ  rst photostimulation treatment (December 11th 2008), all females were 
moved indoors after sunset into individual cages in two separate rooms (see Fig. 7.1 
for a schematic overview of the treatments). Ten females in one room were exposed to 
light for 20 hours (7AM – 3AM), then dark for four hours, after which the lights were 
turned on again at 7AM the following day. Five control females in the second room 
were kept under the natural light regime (light from 8:40AM to 4:30PM). All females 
were returned to the outdoor aviary the day after the photostimulation treatment. Seven 
days later (December 18th 2008), ﬁ  ve of the 10 photostimulated females were photo-
Table 7.1. Sample sizes of the ﬁ  eld experiment to study the effect of photostimulation on laying dates 
in wild living great tits (Parus major). We created 3 experimental groups: (i) photostimulated females (ii) 
females which experienced natural day length in captivity and (iii) females which experienced natural day 
length in the ﬁ  eld. Females from group (i) and (ii) were kept indoors for one day and two nights after which 
they were released in the ﬁ  eld at the location where they were caught.
Treatment Sample 
size
Birds with
laying date
Percent-
age with 
lay date
Oosterhout 2009 Indoor - one long day 10 6
59% Indoor - natural day length 10 6
Not taken indoors 7 4
2010 Indoor - one long day 10 7
72% Indoor - natural day length 10 5
Not  taken indoors 16 14
Hoge Veluwe 2009 Indoor - one long day 15 7
53% Indoor - natural day length 14 7
Not taken indoors 11 7
Total indoor 69 38 55%
Total not taken indoor 34 25 73%
Totals 103 63Photostimulation in great tits
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stimulated again using the same protocol, while the other ﬁ  ve photostimulated females 
and ﬁ  ve control birds were also kept indoors but under natural photoperiod. Thus, the 
aviary experiment consisted of three treatment groups, each containing ﬁ  ve birds: (i) 
natural short photoperiod (ii) one long day and (iii) two long days with an interval of 
one week in between. One month after the ﬁ  rst photostimulation (January 15th 2009) 
the length of the largest follicle was measured again for each female. One week after 
the last laparotomy all 15 females were released into the wild at the catching location 
(Fig. 7.1).
Field experiment
We carried out a ﬁ  eld experiment to test if laying dates in the wild are restricted by 
gonadal development of the females. In the Oosterhout (~150 nest boxes) and Hoge 
Veluwe study area (~440 nest boxes) all nest boxes were checked at night for the pres-
ence of female great tits (Oosterhout 2009: February 25th; 2010: March 1st; Hoge Ve-
luwe 2009: March 3rd). All females were banded with a uniquely numbered aluminum 
ring as well as a unique colour band combination. Of the 103 females encountered, we 
took 69 females into temporary captivity (Oosterhout: 2009 n = 20, 2010 n = 20, Hoge 
Veluwe: 2009 n = 29; Table 7.1). Thus, 34 females were not taken into captivity; these 
control females were put back in the nest box after being ringed and weighed with a 
pesola spring scale (Table 7.1). The females taken into captivity were housed indoor in 
individual cages with ad libitum food and water.
Half of the females were kept indoors under a natural light regime (light from 
7:30AM to 6:15PM), while the other half were photostimulated (light from 7AM to 
3AM; Fig. 7.1), and thus experienced an increase in day length of 8 hours and 45 min-
utes. Thus, we created 3 experimental groups in this ﬁ  eld experiment: (i) photostimu-
lated females in captivity (ii) females which experienced natural day length in captivity 
and (iii) females which experienced natural day length in the ﬁ  eld. We chose not to 
measure gonadal size of the females in the ﬁ  eld after release since disturbance in the 
period just before egg laying could probably affect the timing of egg laying. All females 
were released at the ﬁ  eld site of capture after the day after the treatment (day 3, Fig. 7.1).
Nest boxes at both study sites were checked once a week from the beginning of 
April onwards to monitor nest building. Once the bottom of the box was covered with 
nest material, nests were checked daily to determine the exact laying date (date the ﬁ  rst 
egg was laid). During incubation, females were identiﬁ  ed by their unique colour code 
combination by lifting them slightly with a pen to expose the colour rings. Laying dates 
of three females were excluded since they were likely to be replacement clutches (>30 
days after the ﬁ  rst egg laying dates in that year of that population) of which we had 
missed the ﬁ  rst clutch (removed laying dates are: Oosterhout 2009: April 40th; Ooster-
hout 2010: April 34th and April 61st). Results of the analysis did not change after includ-
ing these data points.Chapter 7
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Statistical analyses
We used a One-sample Wilcoxon signed rank test to test if follicles grew for the pho-
tostimulated females in the aviary experiment and a Two-sample Wilcoxon signed rank 
test to test if gonadal growth was different for females which were photostimulated 
either once or twice. Statistical test were done on the raw follicle lengths, but results did 
not change when we reanalyzed the data using follicle volume (where follicle volume 
was calculated as V = 4/3 • π • a3 where a is ½ the length of the follicle). To test for 
differences in laying dates in the ﬁ  eld experiment we used ANOVAs. Because the ex-
periment was done in Oosterhout in 2009 and 2010 and in the Hoge Veluwe population 
only in 2009, we divided the analyses of the ﬁ  eld experiment in two parts; comparison 
between study areas in 2009 and comparison between years for the Oosterhout popula-
tion. All statistics were done using R 2.9.2 (2009).
RESULTS
Aviary experiment
Gonadal growth of female great tits in captivity could only be determined for nine 
out of the 15 females due to technical difﬁ  culties (two control females, three females 
photostimulated once and four individuals photostimulated twice in December were 
measured). Females that were photostimulated once or twice (20L:4D) showed gonadal 
growth one month after the treatment (One-sample Wilcoxon signed rank test: V = 28, 
P = 0.022), whereas both females of the control group did not show gonadal growth. 
Gonadal growth of females which were photostimulated once did not differ from fe-
males that were photostimulated twice (Two-sample Wilcoxon signed rank test: W = 
2.5, P = 0.28; see Fig. 7.2).
Table 7.2. Results of the statistical analyses (ANOVAs) of the effect of photostimulation on ﬁ  rst egg 
laying dates (date at which the ﬁ  rst egg of a clutch is laid) of wild great tits (Parus major) in the ﬁ  eld 
experiment. The experiment had three treatments: indoor photostimulated; indoor natural light regime; not 
taken indoors. The experiment was done in two locations in 2009 and in one location in 2010. We divided 
the analyses in two; i) only data from the Oosterhout population (2009 and 2010) and ii) only data from 
2009, where the experiment was done in Oosterhout and Hoge Veluwe population.
Subset Variable df Error 
df
Sum of 
squares
Mean 
squares FP
Oosterhout  Treatment * year 2 33 1.05 0.53 0.05 0.96
Oosterhout Treatment 2 36 38.39 19.19 1.59 0.22
2009  Treatment * location 2 30 40.35 20.18 0.96 0.39
2009 Treatment 2 33 3.02 1.51 0.06 0.94Photostimulation in great tits
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Field experiment
In total, 63 out of 103 females in the ﬁ  eld experiment started egg laying in our study 
area (Table 7.1). Females started laying on average (± SE) on April 18.0 (± 1.17) , 14.3 
(± 0.69) and 16.7 (± 1.0) in the Hoge Veluwe 2009, Oosterhout 2009 and 2010, respec-
tively. Laying dates of ﬁ  rst eggs did not differ between photostimulated and control 
female great tits in either of the two years and in either of the two study areas (P > 0.22 
for all comparisons; Table 7.2; Fig. 7.3).
DISCUSSION
This study aimed to test the hypothesis that timing of egg laying is restricted by the 
timing of gonadal development, which is under photoperiodic control. We showed 
that, even in winter (average daily temperature in the outdoor aviary in December 2008 
= 1.8°C, January 2009 = 0.1°C; February = 2.7°C), gonadal growth is initiated after 
exposing captive female great tits to ‘a single long day’ (20L:4D). In a ﬁ  eld experiment 
in spring, however, free living female great tits which were given a single long day did 
not advance egg laying, either in the study area with or without good food conditions 
and the availability of supplementary food in the period before egg laying. Although 
we did not measure gonadal development prior to egg laying in the ﬁ  eld study and can 
therefore not conﬁ  rm that our ‘single long day’ treatment also worked in spring, these 
Figure 7.2. Gonadal development of the three 
experimental groups in the aviary experiment before 
and one month after the photostimulation. All birds 
were kept in an outdoor aviary and only moved 
indoor for the photostimulation treatment. Of the 
females of which we successfully measured the 
largest follicle in December and January, two birds 
were kept under natural light conditions (solid lines), 
three individuals were given one long day (dashed 
lines) and four individuals were given two long days 
(seven days apart; dotted lines).
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results suggest that the seasonal timing of gonadal growth does not play a major role in 
restricting great tits from advancing their laying date.
Follicles of female great tits which were exposed to a single long day in winter 
started growing. As gonads are in a regressed state outside the breeding season and only 
start growing very slowly in early winter, follicles were still small in December (maxi-
mum 0.3mm long). It is therefore difﬁ  cult to measure their size: in 3 out of 15 cases, the 
follicle size in December was too small to be measured precisely. Follicle sizes in January 
ranged from 0.1mm to 0.5mm, which is still small compared to the accuracy with which 
we can measure them (0.1mm). Although measuring follicles in winter is difﬁ  cult, we 
have conﬁ  dence in our measurements. 
Both populations have a long history of selection for early laying: reproductive suc-
cess, measured as the number of ﬂ  edged offspring that recruited in the breeding popu-
lation in the next year, was higher for early breeding females for 21 out of 25 years in 
Oosterhout, and for 23 out of 25 years in the Hoge Veluwe (Visser et al. 2006, unpubl 
data MEV). If gonadal growth would restrict egg laying, this would most likely occur in 
years with high spring temperatures since warm springs lead to early egg laying. Tem-
perature in the period 16 March until 20 April correlates well with laying dates (Visser 
et al. 2006). In 2010, mean temperature in this period was high and indeed, the ﬁ  rst pair 
that started egg laying in the Oosterhout study population was the earliest recorded lay-
ing date in the last 55 years in this study area. Although laying dates are early in years 
with warm springs, gonadal growth is not affected by temperature in the period before 
egg laying (Schaper et al. 2011). Therefore we would expect an effect of photostimula-
tion (especially in 2010) if gonadal growth was restricting egg laying dates.
Figure 7.3. Laying dates 
(date when the ﬁ  rst  egg 
of a clutch was laid) of 
the females in the ﬁ  eld 
experiment. One third of 
the females encountered 
during a night check of all 
nest boxes were not taken 
indoors, 1/3 were taken 
into captivity and kept 
under natural light regime 
and 1/3 were taken into 
captivity and kept under a 
long light regime (according 
to  ﬁ   gure 1). Note that 
random jitter is applied (on 
the X-axis only) to separate 
overlapping data points.
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Although follicle size increased after one day of photostimulation in captivity during 
winter, photostimulation in spring did not affect laying dates in the ﬁ  eld. There are a 
number of potential explanations. 
We did not measure gonadal growth in a subset of the photo stimulated animals 
in March. It is therefore possible that the photostimulation in March did not result in 
gonadal growth, causing the lack of effect in laying dates. To our knowledge, no stud-
ies have focused on the seasonal variation in the strength of the response in hormonal 
change or gonadal growth to a single long day. However, Silverin (Silverin 1994) caught 
male great tits during different months of the year and exposed (a part of) them to a 
20L:4D light regime for 100 days. Testis growth of male great tits caught in December 
was less than one millimeter after 10 days of photostimulation, whereas male great tits 
caught in March grew their tested on average just over 2mm. Thus, at both dates photo-
stimulation leads to a reaction that was adequate for that time and developmental stage 
and it is therefore likely that follicle growth of the female great tits in our ﬁ  eld experi-
ment was stimulated by our experimental treatment in March.
Since the natural day length is shorter in winter than in spring, the photostimula-
tion in winter was a relatively stronger stimulation compared to the photostimulation in 
spring. Silverin (Silverin 1994) measured testes growth of male great tits exposed to two 
different light regimes (14L:10D and 20L:4D) and showed that the gonadal maturation 
was faster in he 20L:4D group compared to the 14L:10D group.
In our experiment in spring, the increase in day length was still 9 hours and 15 min-
utes for the photo stimulated group, which is more than the increase in day length from 
8L:16D to 14L:10D in the experiment from Silverin (Silverin 1994)which resulted in 
clear effects on hormones and gonadal development. We therefore believe the photo-
stimulation treatment in spring is strong enough to evoke a response in gonadal growth. 
However, no studies exist that the length of a single long day affects hormones or go-
nadal growth differently.
Another possible explanation why photostimulated females did not advance egg lay-
ing is that, besides the primary predictive cue of photoperiod, supple mentary cues are 
used to time egg laying (Farner and Wingﬁ  eld 1980), for example the increase in spring 
temperature (Schaper et al. 2011, Visser et al. 2011). One of the supplementary cues 
might be food availability. During the aviary experiment, as well as in most other experi-
mental studies (e.g. Schaper et al. 2011, Visser et al. 2011), food and water were given 
ad libitum while the females in the ﬁ  eld encountered all kinds of stressors (predation 
risk, lower food availability, inter-species interactions et cetera). In addition, eggs are 
laid in cold weather conditions under which foraging efﬁ  ciency is low (Avery and Krebs 
1984) and energetic costs are high (Stevenson and Bryant 2000, te Marvelde et al. 2012). 
Therefore, adverse food conditions can restrict growth of gonads (either acting as a cue 
or as an energetic constraint). Perﬁ  to et al (2008) showed that male zebra ﬁ  nches (Taeni-
opygia guttata guttata) under long photoperiod but with food restrictions did not develop Chapter 7
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their testis, similar to those under short day lengths, while birds under long photoperiod 
with ad libitum food did. Zebra ﬁ  nches, however, are opportunistic breeders that have 
evolved to use food availability as a cue, since they live in areas where food availability 
is unpredictable and do not follow a seasonal pattern (Zann et al. 1995). Testis size of 
male European starlings kept in aviaries was not affected by a food restriction (Dawson 
1986), however, as the birds were able to maintain body weight during the treatment 
they were possibly not restricted enough. Also, in most physiological studies like these, 
males are used, while it is the females that determine the timing of reproduction (Caro 
2012). It is likely that the female great tits in our ﬁ  eld experiment were food restricted. 
If this would be the case, we would expect females in Oosterhout (which had a richer 
food supply) to advance egg laying compared to the control females, but not the Hoge 
Veluwe females. However, photostimulated females from the Oosterhout population 
also did not advance laying compared to the control groups in neither of two years. 
Therefore, we hypothesize that other supplementary cues, like temperature, or perhaps 
the availability of insects, prevented photostimulated females from laying early relative 
to the phenology of their environment.
While egg laying can not start before males and females have fully developed re-
productive organs, we only photostimulated female great tits in the ﬁ  eld experiment. 
Field observations showed that the male reproductive system is functioning well before 
that of the females (Farner and Wingﬁ  eld 1980). Gonadal measurements of great tit 
breeding pairs in captivity conﬁ  rmed this by showing that males have mature gonads 
sometimes weeks earlier compared to the exponential growth phase of female follicles 
(Schaper et al. Unpublished data, Visser et al. 2011). Therefore, laying dates in wild birds 
are not likely to be restricted by the development of the male reproductive system.
It is important to know which factors hamper the lack of shift in laying dates be-
cause these can have different implications on how to adapt to future climate change. 
If a shift in laying date is hampered by gonadal development (which our result suggest 
is it not), birds have to adjust their rules in which day length is used as a cue. Since 
climate change is not affecting day lengths, gonadal development is likely to restrict 
a shift in laying dates in the future. At the moment there seems be other reasons why 
the shift in the advancement of laying date lags behind this shift in the phenology of 
the food, leading to an increasing phenological mismatch between food availability and 
food requirements over the last decades. Future temperature increase will further this 
mismatch. A better understanding of the causes and consequences of the (in)ability of 
birds to adapt their timing of reproduction to restore the synchrony with their prey is 
important and will provide insights into the effects of future climate change on popula-
tion viability (Visser 2008).Photostimulation in great tits
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ABSTRACT
Seasonal timing of reproduction and the number of clutches produced 
per season are two key avian life-history traits with major ﬁ  tness conse-
quences. Female condition may play an important role in these decisions. 
In mammals, body condition and leptin levels are correlated. In birds, 
the role of leptin remains unclear. We did two experiments where we im-
planted female great tits with a pellet releasing leptin evenly for 14 days, 
to manipulate their perceived body condition, or a placebo pellet. In the 
ﬁ  rst experiment where females were implanted when feeding their ﬁ  rst 
brood offspring we found, surprisingly, that placebo treated females were 
more likely to initiate a second brood compared to leptin treated females. 
Only one second brood ﬂ  edged two chicks while ﬁ  ve were deserted late 
in the incubation stage or when the ﬁ  rst egg hatched. No difference was 
found in female or male return rate or in recruitment rate of ﬂ  edglings 
of the ﬁ  rst brood, possibly due to the desertion of the second broods. In 
our study population, where there is selection for early egg laying, earlier 
timing of reproduction might be hampered by food availability and thus 
nutritional state of the female before egg laying. We therefore implanted 
similar leptin pellets three weeks before the expected start of egg laying in 
an attempt to manipulate the laying dates of ﬁ  rst clutches. However, lep-
tin treated females did not initiate egg laying earlier compared to placebo 
treated females, suggesting that other variables than the perceived body 
condition play a major role in the timing of reproduction. Also, leptin 
treatment did not affect body mass, basal metabolic rate or feeding rates 
in captive females. Manipulating life history decisions using experimen-
tal protocols which do not alter individuals’ energy balance are crucial 
in understanding the trade-off between costs and beneﬁ  ts of life history 
decisions. 
Keywords leptin, life history decisions, second broods, timing of  reproduction, birdManipulating life history decisions using leptin
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INTRODUCTION
Life-history theory predicts that key events in an organism’s lifetime are organized in a 
way to yield maximum ﬁ  tness (Roff 1992). Here we will focus on the number of breed-
ing attempts within a season and timing of reproduction which are two of these key 
elements that are strongly shaped by natural selection.
Multiple breeding attempts
Multiple breeding attempts within the same breeding season is a common reproductive 
tactic in a variety of taxonomic groups, including birds (Verhulst et al. 1997 and refer-
ences therein). In great tits (Parus major), a facultative multiple breeding species, early 
breeding pairs are more likely to initiate a second clutch (Verboven et al. 2001). Second 
clutches are mostly initiated just before or just after ﬂ  edging of the ﬁ  rst brood. Because 
the ﬂ  edged nestlings receive about three weeks of parental care outside the nest box 
(Verhulst and Hut 1996), parental care has to be divided between the ﬁ  rst and second 
brood once a second brood is initiated. Reduced parental care could lead to reduced 
survival of the ﬁ  rst brood ﬂ  edglings, but total recruitment could increase if ﬂ  edglings 
of the second brood recruit in the population. Indeed, experimental removal of second 
broods in great tits resulted in increased breeding success of recruits of the ﬁ  rst brood 
chicks the year after ﬂ  edging (Verhulst et al. 1997). Removal of second clutches also 
showed that female, but not male, survival increased, showing a cost to having multiple 
breeding attempts (Verhulst 1998), and experimental brood enlargement of the ﬁ  rst 
brood in blue tits (Parus caeruleus) resulted in a reduced probability of initiating a second 
brood (Parejo and Danchin 2006).
It is unknown which cues are used in the decision to initiate a second brood. So 
far, one study was able to promote second brooding. Lõhmus and Björklund (2009) 
showed, using a leptin manipulation in great tits, that increased perceived body condi-
tion at the end of the ﬁ  rst brood increased the proportion of second broods. Unfortu-
nately, no ﬁ  tness effects were recorded.
Timing of reproduction
Many bird species time their reproduction in a way that the period of maximum food 
requirements (feeding nestlings) coincides with the timing of maximum food availabil-
ity (arthropod food peak). Breeding too late or too early has negative effects in terms of 
energy expenditure during chick feeding (Thomas et al. 2001, te Marvelde et al. 2011) 
and ﬁ  tness (Nilsson 1994, Visser et al. 1998). In order to match the timing of food avail-
ability and food requirements, egg laying has to be initiated weeks before the occurrence 
of the food peak. Multiple environmental cues are used in the timing of reproduction. 
Besides photoperiod as initial predictive cue, supplementary cues like temperature are 
used to time reproduction (Dawson et al. 2001, Wingﬁ  eld et al. 2003, Sharp 2005). In Chapter 8
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years with high spring temperatures, birds initiate timing of breeding earlier in the sea-
son. It could be that temperature in the period before egg laying itself is used as a cue. 
Alternatively, body condition before egg laying may be used as the cue (Schaper et al. 
2011). For example, female mallards (Anas platyrhynchos) in good body condition breed 
earlier compared to females in poor body condition (Devries et al. 2008). Since food 
availability and foraging success both increase as temperatures increase in spring (Avery 
and Krebs 1984), it is likely that an increase in body condition is confounded with the 
increase of temperature. Experimental manipulation of the body condition is needed 
to study the effects of body condition on timing of reproduction.
Studying the ﬁ  tness costs of advanced reproduction is particularly interesting in 
the Hoge Veluwe study population of great tits, because climate change caused the 
seasonal timing of the phenology of the food peak to shift earlier in the season the last 
four decades. Great tits have advanced egg laying, but have not advanced adequately to 
match the shift of their food peak (Visser et al. 1998, Visser et al. 2006). We have two 
hypotheses for the lack of shift in timing of breeding. First, it is possible that great tits 
have not changed the way they use temperature as a cue (´cue hypothesis´). Temperatures 
in early spring (the period when great tits have to decide to start laying eggs) have not 
increased as much as temperatures in late spring (the period which determines the tim-
ing of the caterpillar peak). Therefore, the correlation between temperatures in early 
and late spring have changed. If great tits still use the old rules to predict the timing of 
the caterpillar food peak using temperatures in early spring temperature, they will start 
egg laying too late. This hypothesis implies that egg laying could commence earlier, if 
the rules to predict timing of the food peak change. In this case, an advance of egg lay-
ing would lead to an increase in ﬁ  tness due to the better match with the food peak. An 
alternative hypothesis as to why great tits lay their eggs too late is that early egg laying 
is constrained by food availability (´constraint hypothesis´). Earlier egg laying would result 
in a higher workload, with likely negative effects of survival (Visser and Lessells 2001). 
In this case, the ﬁ  tness beneﬁ  ts of a better synchrony between the food peak and the 
nestlings’ nutritional needs do not outweigh the decrease in ﬁ  tness costs of earlier egg 
laying. Therefore, if the constraint hypothesis is true, advancing egg laying would lead 
to a decrease in ﬁ  tness. Only experimental advancement of timing of reproduction 
could reveal potential ﬁ  tness costs of increased energetic costs of early egg laying (te 
Marvelde et al. 2012) and whether great tits in our study area are maladapted due to 
climate change (Visser et al. 2012). Providing supplementary food could increase body 
condition and affect timing of reproduction (Nager et al. 1997, Robb et al. 2008), but 
this is of limited use when the focus of the study is to measure ﬁ  tness effects of early 
reproduction because supplementary food alters the energy balance of adults; birds 
do not have to work for their food and do not pay the costs of foraging (Verhulst and 
Nilsson 2008). Relaxing foraging effort by providing supplementary food before and 
during egg laying could potentially mask ﬁ  tness costs of early egg laying on parental Manipulating life history decisions using leptin
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survival or ﬂ  edgling recruitment when carry over effects of increased work load in the 
early stages of the reproductive cycle exist (Monaghan et al. 1998, Visser and Lessells 
2001). Instead, to measure ﬁ  tness effects, the perception of body condition should be 
altered without inﬂ  uencing the food availability. This could be done by experimentally 
elevating leptin levels (see below).
Leptin
Most of our knowledge on the function of the hormone leptin comes from mamma-
lian studies. In mammals, leptin is produced by fat cells and plays a major role in the 
energy balance and reproduction of mammals (Henson and Castracane 2003). Leptin is 
involved in a negative feedback loop that regulates food intake and body weight (Fried-
man and Halaas 1998). Leptin levels increase after food is consumed (Saladin et al. 
1995), and thus serves as a short term energy balance signal. Leptin is also a long term 
signal of body condition as leptin levels circulating in the plasma correlate with body fat 
content (Henson and Castracane 2003). In mammals, leptin binding to its receptor in 
the hypothalamus activates the sympathetic nervous system to increase energy expendi-
ture (Haynes et al. 1997). Leptin also plays a major role in reproduction in mammals 
(Henson and Castracane 2003). It is thought that leptin might have a role in signaling 
the nutritional status to the hypothalamus, which controls the reproductive neuroendo-
crine function (Houseknecht et al. 1998).
The function of leptin has been studied in other vertebrates, including birds. Lep-
tin in birds is a topic of debate after the initial cloning of leptin from chicken DNA 
could not be replicated (Friedman-Einat et al. 1999, Pitel et al. 2000) and its existence 
questioned (Sharp et al. 2008). Pitel et al. (2010) suggested the possibility that the leptin 
gene got lost through evolution while the leptin receptor still exists. Many studies with 
sometimes contrasting results have added to the discussion. Increased levels of leptin 
can cause a decrease in food intake as shown in both domesticated and wild bird spe-
cies (Lõhmus et al. 2003, Kuo et al. 2005, Lõhmus et al. 2006). Immunisation against 
leptin in chicken resulted in increased food intake and increased daily weight and fat 
gain (Shi et al. 2006). Leptin receptors have been found in ovaries and brain of laying 
hens (Ohkubo et al. 2000). Leptin advances puberty in chicken (Paczoska-Eliasiewicz et 
al. 2006), can directly control basic chicken ovarian functions (Sirotkin and Grossmann 
2007) and is involved in follicle maturation (Henson and Castracane 2003). No leptin 
activity was found in Bar-tailed godwits (Limosa lapponica) and Adélie penguins (Pygos-
celis adeliae) even though these two species undergo large changes in body fat in their 
annual cycle (Yoseﬁ   et al. 2010).  Kordonowy et al. (2010) showed that leptin in free 
living starlings (Sturnus vulgaris) followed a seasonal pattern, with highest leptin levels 
during egg laying declining towards chick rearing. Unfortunately, leptin concentration 
in the weeks before egg laying were not included in this study. Increasing leptin levels 
in the period before egg laying might thus increase a bird’s perceived body condition Chapter 8
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and might therefore affect the timing of reproduction in populations with selection for 
early reproduction.
Aims and hypothesis
The aims of this study were threefold. First, we studied whether elevated leptin levels 
during the end of the ﬁ  rst brood affects the decision to start a second brood. We as-
sessed the ﬁ  tness consequences of having a second brood in terms of parental survival, 
number of ﬂ  edglings produced and ﬂ  edgling recruitment. We expected females with 
experimentally elevated leptin levels to be more likely to produce second broods (as in 
Lõhmus and Björklund 2009). We expected survival of nestlings of ﬁ  rst broods to be 
lower for those females producing second broods (Verhulst et al. 1997), because only 
the males will provide parental care after ﬂ  edging. The extra workload (for males taking 
care of ﬂ  edglings alone, for females the costs of producing eggs and incubation) could 
lead to reduced adult survival. Our second aim was to study whether elevated leptin 
in the period before egg laying affects the timing of egg laying and to assess whether 
there are ﬁ  tness consequences of altered timing of reproduction. We expected early egg 
laying by leptin treated females as a result of the increased perceived body condition. 
Nestling recruitment would be higher for leptin treated females as they would then be 
timed better with the food peak, while adult survival is reduced because of the increased 
costs of early egg laying and incubation. The third aim of this study was to study the 
effect of elevated leptin levels on body mass, foraging activity and basal metabolic rate 
(BMR) in captive great tits, because an increase in energy expenditure or a decrease of 
food intake or body mass as a result of increasing leptin levels could potentially delay 
timing of breeding and thus affect the results for the previous aim. We expected leptin 
to decrease body mass as a consequence of decreased foraging activity (as has been 
shown in great tits) and to increase BMR (as has been found in mammals). 
METHODS
Study area and study species
This study consists of two ﬁ  eld experiments (2009, 2010) and one experiment with 
captive female great tits (2010). The ﬁ  eld experiments were carried out in the National 
park ‘De Hoge Veluwe’ (52° 02’ 07” N 5° 51’ 32” E). The study area consists of 171 
ha of mixed woodland on poor sandy soils, dominated by oak and pine with about 400 
nest boxes. Each year, up to 130 boxes are occupied by great tits, a small (~18 grams) 
passerine bird species.
Standard ﬁ  eld protocol
Nest boxes were checked weekly from the beginning of April to monitor nest building, Manipulating life history decisions using leptin
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egg laying and incubation. Nests were visited daily from two days before the expected 
hatching date to ensure the exact hatching date (date at which at least one chick hatched 
(= day 0)). When the nestlings were seven days of age, parents were caught using a 
spring loaded trap inside the nest box while feeding the nestlings. Parents were ringed 
with a uniquely numbered aluminium ring as well as with three colour rings coding a 
unique colour combination. Also, all nestlings were ringed with a uniquely numbered 
aluminum ring. Nest boxes were checked after ﬂ  edging to record possible dead nestlings 
and unhatched eggs.
Field experiment – Second broods 
During the breeding season in 2009, 30 female great tits were caught while feeding 
nestlings (of 10 days old) using a spring trap inside the nest box (10 females per day on 
three consecutive days). Each day, ﬁ  ve females were assigned to the placebo treatment 
and ﬁ  ve to the leptin treatment. The leptin/placebo was administered in a custom made 
pellet (Innovative Research of America, Sarasota, Florida, USA; 3 mm in diameter; 16 
mg) which continuously released chicken recombinant leptin (provided by A. Gertler, 
Protein Laboratories Rehovot Ltd., Rehovot, Israel) over a 14 day period. The leptin 
pellets were made of a matrix (mainly cholesterol) and 500μg recombinant chicken 
leptin. As the matrix slowly dissolves leptin is released (about 2μg per gram body mass 
per day). The placebo pellets were made of only the matrix and contained no leptin. 
Pellets (of the 2009 batch) were inserted subcutaneously in the ﬁ  eld in the adult female 
when the nestlings of her ﬁ  rst brood were 10 days old (ﬂ  edging normally occurs at the 
age of 18 or 19 days).
After the implantation event the original box and surrounding nest boxes were 
checked twice times a week to monitor the initiation of second broods. Incubating 
females were identiﬁ  ed based on their colour combination to ensure it had started a 
second brood. From then onwards, the protocol was the same as for the ﬁ  rst broods.
Field experiment – Timing of egg laying
On March 22nd and 23rd 2010, 37 females great tits were implanted with a leptin or pla-
cebo pellet (leptin: n = 19; placebo: n = 18; using the 2010 batch of pellets). Their egg 
laying date was monitored via the standard ﬁ  eld protocol.
Aviary experiment – Body mass, foraging activity & basal metabolic rate 
(BMR)
In 2010, 15 captive female great tits originating from the Hoge Veluwe population were 
used to study the effect of leptin on body mass, foraging activity and BMR. These fe-
males were hand reared in 2009 from 10 days old. Since independence these females 
were housed indoors in controlled conditions. Females were already ringed with  one Chapter 8
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uniquely numbered aluminum ring and were given a unique combination of two col-
our rings to make identiﬁ  cation on the video possible to score foraging behaviour (see 
below). From the end of May, all females were housed at the previous location of the 
Netherlands Institute of Ecology (Heteren, The Netherlands; 51° 57’ 20”N - 5° 44’ 
34”E) in one large outdoor aviary under natural light and temperature conditions and ad 
libitum food and water. Females were randomly assigned to the leptin or placebo treat-
ment or not to be treated (n = 5 for each group). Leptin and placebo pellets (from the 
2010 batch) were implanted on June 14th. 
We measured basal metabolic rate (BMR) in terms of oxygen consumption in an 
open-circuit respirometer. BMR was measured during three periods: before, during and 
after the treatment (July 7/6/8, July 18/19/20 and August 2/3/4 respectively; ﬁ  ve fe-
males per night randomly spread over the treatments). Females were weighed to the 
nearest 0.1g using an electronic balance (Sartorius PT 1500, USA) before going into the 
respirometer chamber. Birds were isolated in ﬁ  ve sealed respirometer chambers (0.76 l) 
and placed in the darkness of a climate cabinet (Sanyo MIR-553, Sanyo E&E Europe 
BV, Etten-Leur, The Netherlands) at 25°C (i.e. within their thermoneutral zone), always 
between 11PM and 1130PM. H2O and CO2 were removed from the inlet air (blown into 
the respirometer chamber) respectively with Drierite® (6 mesh, Sigma-Aldrich Che-
mie BV, Zwijndrecht, The Netherlands) and Soda lime ® (Sigma-Aldrich Chemie BV, 
Zwijndrecht, The Netherlands). Air ﬂ  ow rate was set to 250 ml min–1 with ﬂ  owmeters 
(Brooks Instrument B.V., Ede, The Netherlands) previously calibrated using a soap 
bubble method (Bubble-O-Meter, LLC, Dublin, OH, USA). Oxygen content of outlet 
air was measured every 30 seconds with an oxygen analyser (Servomex 4100, Servomex 
BV, Zoetemeer, The Netherlands). Oxygen consumption (ml O2 min–1) was calculated 
as the difference in oxygen concentration between air from the respirometer chambers 
and reference air from an empty chamber. As only one oxygen analyzer was used, meas-
urements alternated between the ﬁ  ve experimental and one reference chamber every 15 
minutes. Measurements over the last 5 minutes of each 15 minute period were averaged 
and the period with the lowest averaged oxygen consumption was used to calculate 
BMR. The oxygen consumption was converted to metabolic rate (kJ 24 h–1) by assum-
ing an energetic equivalence of 20 kJ L–1 O2. 
Feeding rates were scored on the same captive female great tits by analyzing video 
recordings made of the feeding table before, during and after the leptin treatment (re-
spectively July 11th, 16th and August 3rd). On each of the mornings, around 8.30AM, 
all left-over food of the previous day was removed. Fresh food was presented in a 
single tray and ﬁ  lmed with a digital video camera (JVC Everio, Germany). Females were 
identiﬁ  ed based on their colour rings. Feeding frequencies for individual females were 
scored during the ﬁ  rst hour after presenting the food. Only visits were food was taken 
were used in the analyses (541 of 579 visits (93.4%)).Manipulating life history decisions using leptin
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Statistics
Statistical tests are named in the results. All statistics were done using R version 2.10.1 
(R Development Core Team 2009).
RESULTS
Field experiment – Second broods 
Against our expectation, placebo treated females were more likely to initiate a second 
breeding attempt compared to leptin treated females (placebo: 6 / 15 (40%), leptin: 0 
/ 15 (0%); Pearson’s Chi-squared test with Yates’ continuity correction; χ2
1 = 5.21, P = 
0.022; Fig. 8.1). The proportion of second broods from placebo treated females was 
more than double that of non-experimental females with similar laying dates (7 out of 
43; 16.3%). However, this difference is not signiﬁ  cant (Pearson’s Chi-squared test with 
Yates’ continuity correction; χ2
1 = 2.36, P = 0.12). Leptin treated females were not less 
likely to initiate second broods compared to females with similar laying dates (Pearson’s 
Chi-squared test with Yates’ continuity correction; χ2
1 = 1.45, P = 0.23). 
Clutch sizes of second broods of placebo treated females were smaller compared 
to the clutch size of their ﬁ  rst broods (paired t-test: t = 9.71, df = 5, P = 0.0002), but 
not different from other second broods of non-experimental great tits in 2009 (Two 
Sample Wilcoxon rank sum test W = 25.5, P = 0.47). Only one of the six second broods 
Figure 8.1. Percentage of placebo and leptin 
treated females (n = 15 for each treatment) that 
initiated a second brood. The grey dashed line is 
the natural percentage of second broods in the 
year of the experiment for females with similar 
laying dates as the experimental females (7 out of 
43, 16.3%).
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ﬂ  edged (two) chicks. One nest was deserted early in the incubation stage and one af-
ter ~10 days of incubation (of which the embryos were almost fully developed). The 
other three nests were deserted from the moment the ﬁ  rst egg hatched. Seven out of 
11 (64%) non-experimental females with a second brood were able to ﬂ  edge nestlings.
Females which produced a second brood were likely to have invested more energy in 
reproduction compared to females which did not produce a second brood. These extra 
costs could result in reduced survival. However, eight leptin females and eight placebo 
females (of which three produced a second brood) were recorded in 2010 as breeding 
adults, thus showing no difference in survival to the next breeding season between lep-
tin and placebo treated females. Within the experimental females, survival of females 
that initiated a second brood was not different from females that did not initiate a sec-
ond brood (3/6 vs. 13/24.; Pearson’s Chi-squared test with Yates’ continuity correction 
χ2
1 = 0.08, P = 0.78).
During incubation of the second clutch and possibly also during egg laying, females 
are not able to assist in caring for the ﬁ  rst brood ﬂ  edglings. Therefore, males may have 
worked harder to compensate for the female’s absence, or alternatively compromise 
parental care at the costs of nestling survival. Five males of the control pairs and seven 
males of the leptin group (note that males in neither of the two groups were implanted 
a leptin pellet) returned as breeding males the next year (5/15 vs. 7/15; Pearson’s Chi-
squared test with Yates’ continuity correction; χ2
1 = 0.14, P = 0.71). Males of which 
females started a second brood were not less likely to survive than males of females 
which did not start a second brood (2/6 vs. 10/24; χ2
1 = 0.009, P = 0.93).
A possible reduction in female provisioning behaviour as a result of initiating a 
second brood could have negative consequences for the ﬂ  edglings of the ﬁ  rst brood. 
However, six ﬂ  edglings from the control group and six ﬂ  edglings of the leptin group 
returned in 2010 as ﬁ  rst year breeders out of a total of 297 ﬂ  edglings (leptin n = 143 
and placebo n = 154). None of the recruits came from second broods. First broods of 
females which initiated a second brood were not less likely to recruit as a breeder the 
next year compared to ﬂ  edglings of females which did not initiate a second brood (2/59 
vs. 10/238; Pearson’s Chi-squared test with Yates’ continuity correction; χ2
1 =  0.007, P 
= 0.93). 
Field experiment – Timing of egg laying
Twelve out of 19 leptin females and 15 out of 18 placebo females laid eggs in the study 
area. One leptin treated female incubated an empty nest and thus was excluded from 
the analysis. Mean laying date of leptin treated females (n = 12, mean = 16.1 SD = 3.3) 
did not differ from mean laying dates of placebo treated females (n = 15, mean = 13.4, 
SD = 3.9; Two sample Wilcox rank sum test: W = 121.5, P = 0.13; Fig. 8.2). We were 
therefore not able to estimate the effect of a better match with the food peak on nest-
ling recruitment and the effect of the likely increase in energetic costs during egg laying Manipulating life history decisions using leptin
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and incubation on adult survival.
Aviary experiments – Body mass, feeding frequency and BMR
Linear mixed models with female as a random effect to control for multiple measures 
per female showed that leptin treatment did not affect within-female measurements 
of body mass (period * treatment interaction where period is before, during and after 
treatment; df = 4, F = 2.05, P = 0.12), feeding frequency of female great tits in the 
ﬁ  rst hour after placing the food (period * treatment interaction; df = 4, F = 0.43, P = 
0.78) or basal metabolic rate (BMR; period * treatment interaction; df = 4, F = 0.69, P 
= 0.61; Fig. 8.3).
DISCUSSION
We tested the effect of leptin on the number of broods within a season and timing of 
reproduction by implanting female great tits with pellets, which slowly released leptin 
for a period of 14 days, at different stages of the breeding cycle. Leptin treated females 
were less likely to initiate a second brood compared to placebo treated females. How-
ever, neither leptin nor placebo treated birds differed in their likeliness to initiate a sec-
ond brood compared to non-experimental females of similar laying dates. We showed 
that leptin had no effect on the timing of reproduction. Also, we showed that leptin 
Figure 8.2. Laying dates (date the ﬁ  rst egg of the 
clutch is laid) of wild female great tits implanted 
with a pellet releasing leptin for 14 days (2μg leptin 
day-1 gram bodymass-1) or implanted a placebo pellet. 
Note that points were slightly separated to show 
overlapping data points.
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treatment did not affect body mass, feeding frequency or basal metabolic rate in captive 
female great tits.
In contrast to our expectations, placebo treated females were more likely to initi-
ate second breeding attempts within the same season compared to leptin treated fe-
males. Our data are directly opposite to the data of Lõhmus and Björklund (2009) who 
showed that a higher proportion of leptin treated females initiated second broods. In 
fact, our experiment was an exact replica of their experiment using the same species, 
with leptin from the same origin, in the same dosage and with pellets made by the same 
company. Although the function of leptin is mammals is well understood (Saladin et al. 
1995, Haynes et al. 1997, Friedman and Halaas 1998, Houseknecht et al. 1998, Henson 
Figure 8.3. Within-individual 
changes in body mass (gram; 
measured between 10AM and 
10.30AM; A), number of visits to 
the feeding during the ﬁ  rst hour after 
feeding (B), and basal metabolic rate 
(kJ day-1; C) for leptin, placebo and 
non-treated captive female great tits. 
The grey window represents the 14 
day period during which leptin was 
released from the implanted pellet 
in the leptin group (2μg leptin day-1 
gram bodymass-1). 
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and Castracane 2003), its function in birds is still poorly understood and a long lasting 
topic of debate (Friedman-Einat et al. 1999, Pitel et al. 2000, Sharp et al. 2008, Pitel et 
al. 2010). This study adds to the uncertainties of the role of leptin in birds. 
The fact that ﬁ  ve out of six second broods were deserted in the incubation stage or 
directly after hatching suggests that the placebo females were tricked into initiation of a 
second breeding attempt while they had not intended to do so, while 7 out of 11 (64%) 
non-experimental females with a second brood were able to ﬂ  edge nestlings. There-
fore we explored the possibility that the leptin and placebo pellets were accidentally 
swapped. However, in a bioassay, leptin activity was found in the residues of the bag in 
which the leptin pellets were stored (2.5 pg/ml) and no leptin activity was found in the 
bag in which the placebo pellets were stored (pers. comm. A. Gertler). Thus there is no 
evidence that the pellets were swapped. Another possible explanation, also explaining 
why placebo treated females had a higher rate of double brooding than non-experi-
mental females, is that capturing and implanting females may affect their estimation of 
predation pressure and hence they may shift to more reproductive output, unless when 
they are in good condition (as perceived by the leptin implanted birds). 
Although leptin treated females were less likely to produce second broods, this did 
not gain an advantage in terms of male and female return rate or increased recruitment 
of their ﬁ  rst brood ﬂ  edglings. This is in contrast to earlier experiments where Verhulst 
(1998) showed that removing second broods lead to increased female, but not male, 
survival in years with low winter food availability. This could be due to our low sample 
size making it difﬁ  cult to detect ﬁ  tness effects if present. Alternatively, since all but one 
female deserted during or after incubation, females could have returned to help out 
after deserting, mitigating the negative ﬁ  tness effects. 
In 2010, a new batch of leptin and placebo pellets was used to test the effect of 
leptin on timing of reproduction. The window for timing of egg laying is set by photo-
period, which has a direct effect on gonadal development (Sharp 2005). Besides photo-
period, secondary cues are used to ﬁ  ne tune timing of reproduction to annual variation 
in the optimal timing of reproduction (Wingﬁ  eld 1980). Food availability in the period 
before egg laying is one of those secondary cues, as has been shown by supplementary 
feeding experiments (Robb et al. 2008). There might be a direct effect of food avail-
ability on timing of reproduction, or an indirect effect via body condition. We found no 
effect of leptin on laying dates in great tits, which implies that perceived body condition 
in the weeks before egg laying does not play a major role in the timing of reproduction. 
Unfortunately, little is known about food availability in the period before egg laying. It 
is possible that earlier breeding is simply not possible energetically since early breeding 
means egg laying under colder conditions with increased energetic costs (te Marvelde et 
al. 2012). If the costs of early egg laying are higher than the beneﬁ  ts of a better match 
with the food peak, being mismatched can be the optimal strategy (Visser et al. 2012).
It is possible that leptin caused an increase in energetic costs in great tits, as a lack Chapter 8
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of leptin in mammals results in decreased energy expenditure (Margetic et al. 2002). 
If leptin increased energy expenditure in great tits, this could potentially explain why 
none of the leptin treated females started a second brood or why we found no effect 
on laying dates. However, measurements of BMR of captive female great tits showed 
no evidence of an effect of leptin. To our knowledge, this is the ﬁ  rst study measuring 
the effect of leptin on BMR in a wild bird species. Human studies on leptin suggest that 
leptin affects energy balance mainly through the regulation of food intake and not via a 
direct effect on energy expenditure (Hukshorn and Saris 2004). In our study, leptin did 
not affect feeding rates although depressed food intake after leptin injection has been 
found in mammals (Barb et al. 1998), in domesticated chicken (Denbow et al. 2000) 
and wild great tits (Lõhmus et al. 2003), albeit higher concentrations of leptin were 
used compared to our study. Also, Lõhmus et al. (2003) showed a decrease in feeding 
rates in the ﬁ  rst 40 minutes after injection, after which it became equal to the control 
group. Slow release of leptin at a dosage of 2μg per gram body mass per 24h did not 
affect feeding rates in our study. Consequently, it also did not affect body weight and we 
therefore think the lack of second breeding attempts within the same season and the 
lack of effect of leptin on timing of reproduction were not caused by increased costs 
as a result of the leptin treatment itself.
Life history decisions often involve a trade-off between current reproductive invest-
ment and future reproductive investment. Therefore, research should focus on ma-
nipulations which do not affect the energetic costs of current reproduction (e.g. sup-
plementary feeding) as this disrupts the balance between costs and beneﬁ  ts in current 
reproduction investments. Manipulations of timing of reproduction without changing 
the costs associated with early reproduction are particularly important in understanding 
the consequences of climate change, since climate change has already, and will continue, 
to advance the seasonal timing of arthropod food sources for forest living insectivorous 
animals. Without understanding the ultimate ﬁ  tness costs of early reproduction, pre-
dicting evolutionary responses to climate change are difﬁ  cult to make.
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Most insectivorous passerines in temperate forests feed their young with caterpillars 
that are available only during a very short period in spring (the caterpillar food peak). 
The timing the caterpillar food peak varies annually based on spring temperature; the 
caterpillar peak is early in years with a warm spring. Breeding success strongly depends 
on the timing of breeding relative to the food peak (Van Noordwijk et al. 1995, Ver-
boven and Visser 1998, Blondel et al. 2006). When reproduction is well matched, peak 
food demand from the nestlings coincides with high abundance of caterpillars. Climate 
change has led to an advancement of the food peak over the last four decades. This 
thesis is based on the observation that the timing of reproduction in great tits has not 
advanced adequately to match the advancement of the caterpillar food peak, resulting 
in intensifying selection for early breeding (Visser et al. 1998, Visser et al. 2006). There 
are two hypotheses explaining why great tits have not adequately adjusted to the shift 
in the food peak: either the cues used to time reproduction no longer accurately predict 
the peak in food abundance (cue hypothesis) or food availability in spring constrains great 
tits from laying earlier (constraint hypothesis). The constraint hypothesis is the central topic 
of this thesis.
The constraint hypothesis
It is well known that egg laying and incubation are costly in terms of energy and, more 
importantly, ﬁ  tness. Perrins (1970) argued in an inﬂ  uential paper that birds are simply 
unable to reproduce any earlier in spring because they are unable to gather sufﬁ  cient 
resources for egg production. We prefer to look at the constraint hypothesis as a trade-
off between the ﬁ  tness costs and beneﬁ  ts of early egg laying (chapter 6), such that lay-
ing dates are a compromise between the ﬁ  tness costs of laying early and ﬁ  tness beneﬁ  ts 
from a phenological match between the food peak and the nestlings’ peak food de-
mand. In order to determine whether earlier laying is currently energetically restricted, 
the ﬁ  tness consequences of experimentally advanced timing of egg laying have to be 
measured. As the ﬁ  tness costs probably result from increased energetic costs, the exper-
imental treatment to induce early breeding should not include supplementary feeding.
We tried to advance egg laying experimentally using either photostimulation (chapter 
7) or leptin pellets (chapter 8). The importance of day length on timing of breeding is 
shown by Lambrechts and Perret (2000) who kept blue tits under artiﬁ  cially long day 
lengths and found them breeding in winter. Changing the light environment of birds 
in the ﬁ  eld for a sustained period is difﬁ  cult without sophisticated technology (see be-
low). We have shown that a single long day (20L:4D) results in the initiation of gonadal 
growth in captive female great tits, but wild birds temporarily brought into captivity 
and given this treatment did not advance their subsequent laying dates (chapter 7). In a 
second attempt to manipulate laying dates, we implanted female great tits with pellets 
that slowly released leptin. Leptin is a hormone whose levels in the blood are strongly 
correlated with body fat content and therefore body condition in mammals. Leptin-General discussion
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implanted females did not lay earlier than placebo or non-experimental females (chapter 
8). Thus, despite our efforts, we were unable to experimentally manipulate laying date, 
and thus could not study the ﬁ  tness effects of advanced egg laying.
Food availability in the period before egg laying most likely plays an important role 
in the timing of egg laying because (i) egg production is energetically costly and requires 
speciﬁ  c nutrients (Murphy 1994) and (ii) great tits are income breeders and thus rely 
on daily food intake for energy and speciﬁ  c nutrients (Perrins 1996). Seeds are a major 
source of energy. At the Hoge Veluwe study site, the available seeds include beech nuts, 
and pine and larch seeds. Although we did not measure their availability, my impression 
was that they are plentifully available, leading me to believe that advancing egg laying is 
not energetically restricted. Instead, egg production might be protein-limited. Support for 
the protein limitation comes from our arthropod monitoring in the period before and 
during egg: arthropod abundance was low before laying, followed by an increase which 
coincided with the start of laying (chapter 2). 
Adaptive mismatched timing of reproduction
Natural selection favours life history decisions that maximise ﬁ  tness. The optimal laying 
date is a result of a trade-off between ﬁ  tness costs and ﬁ  tness beneﬁ  ts associated with 
this laying date. Advancing egg laying is likely to come with an energetic cost since tem-
peratures in early spring have not improved to the same extent as temperatures in late 
spring. Laying sufﬁ  ciently early to match the advanced caterpillar peak would therefore 
involve laying under colder conditions, when the costs of thermoregulation are higher 
(Kendeigh et al. 1977) and foraging efﬁ  ciency lower (Avery and Krebs 1984). Although 
the energetic cost of thermoregulation is perhaps small, it might require a substantial 
amount of energy to gather the food to cover the increased thermoregulation costs. 
Because an increase in workload during the breeding season can reduce female survival 
(Visser and Lessells 2001) and the ability to provision the nestlings (Monaghan et al. 
1998), it is likely that the increase in energetic costs required to advance egg laying 
would results in a reduction in ﬁ  tness.
Early laying also comes with ﬁ  tness beneﬁ  ts as there is a better match between 
nestling energy requirements and the food peak, and thus reduced energetic costs for 
parents during nestling feeding (Chapter 5) and possibly heavier ﬂ  edglings which have 
a higher recruitment probability (Tinbergen and Boerlijst 1990). When the ﬁ  tness bene-
ﬁ  ts of early laying do not outweigh the ﬁ  tness costs, the optimal laying date is later than 
that taking into account only the number of recruits (Chapter 6). In this case, reproduc-
tion would be ‘mistimed’ in terms of synchrony between the peaks in chick demand and 
food availability, but not in terms of maximising ﬁ  tness (Fig. 9.1). 
If mismatched reproduction is adaptive, natural selection will not favour early laying 
dates directly. However, there could be selection for changes in traits that reduce the 
energetic costs of early egg laying like a reduction in body mass or egg size (Haywood Chapter 9
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and Perrins 1992, Husby et al. 2011) as this would allow advancement of egg laying and 
thus increase the ﬁ  tness beneﬁ  ts of early egg laying without increasing the ﬁ  tness costs 
of early egg laying.
The importance of food in the period before egg laying on timing of egg laying
Food availability in the period before egg laying is a key parameter in determining the 
costs of egg laying, but we know remarkably little about food availability in this period 
for forest birds. This area has probably been neglected by researchers because obtaining 
a good estimate of overall insect availability is not a trivial task. We used simple tech-
niques (sticky sheets, pitfalls and branch sampling) and assigned the insects trapped to 
broad taxonomic groups (orders), to measure the temporal variation in arthropod avail-
ability around the time of egg laying. By tracking females equipped with radio transmit-
ters, we were able to show that females’ distribution matched this temporal variation in 
available food (protein) sources. We also were able to identify arthropod species which 
may be key protein sources for egg production, and thus whose phenology is possibly 
important for the timing of the start of egg laying. These species are the larvae of the 
Costs during
egg production
Timing of food availability 
and food requirement
A)
C)
B)
Date
mismatch
Figure 9.1. Schematic view of the adaptive 
mismatch. Before climate change (A) 
timing of reproduction was timed so that 
the timing of the nestlings’ maximum food 
demand (dark grey distribution) coincided 
with the timing of maximum food 
availability (the caterpillar peak; light grey 
distribution), while (ﬁ  tness and energetic) 
costs for egg laying (open circle) were low. 
Due to increasing late spring temperatures, 
the timing of the caterpillar peak advanced 
(B and C). Breeding activity advanced 
resulting in an increase in costs during egg 
laying as temperatures have not increased 
in early spring, hence environmental 
conditions have not improved at the time 
of egg production. Breeding activity did 
not advance adequately to keep up with the 
advancement of the food peak (B), since 
this would come with such a high costs at 
the time of egg production that the ﬁ  tness 
beneﬁ   ts of a better synchrony between 
offspring needs and food availability would 
not outweigh the ﬁ  tness costs of increased 
costs during egg laying (C).General discussion
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larch case bearer (Coleophora laricella) and true ﬂ  ies. Yolks take four days to mature, thus 
proteins for egg production are already needed three days prior to the date the ﬁ  rst 
egg is laid. The fact that egg laying coincided with the increasing abundance of diptera, 
means that it is possibly not the adult ﬂ  ies that are the protein source for egg produc-
tion, but rather their larvae (which we did not sample). However, our conclusions are 
based on a single year of data and thus a continuation of the insect monitoring program 
(perhaps in a simpler form) is important. This would show if the pattern of insect avail-
ability we found for 2010 is a general pattern each spring.
A comparison between the effects of temperature on the phenology of the key in-
sect species and of timing of great tit egg laying could shed light on the hypothesis that 
egg laying is protein restricted. As the developmental rate of insects strongly depends 
on temperature (Manel and Debouzie 1997, Gu and Novak 2006, Thompson and Clark 
2006, Raworth 2007), the relationship between insect egg hatching and growth, and 
temperature could be studied under controlled conditions using climate cabinets. This 
relationship would then allow insect phenology from previous years to be estimated 
since temperature data are available. We also know that the laying date of great tits is af-
fected by temperature: birds lay earlier in years with warm springs and we know that the 
sum of temperature above a certain threshold closely predicts the caterpillar food peak 
(Lof et al. unpublished data). If timing of egg laying in great tits is restricted by arthro-
pod availability, then the temperature sensitivity of the timing of great tit reproduction 
should be the same as that of arthropod phenology.
The scientiﬁ  c value of daily energy expenditure measurements to measure 
costs of egg production
The rate of energy expenditure is one of the most fundamental biological rates (Brown 
et al. 2004) and can be measured in free living animals using the doubly labelled water 
technique (Speakman 1997, Box 2). Although measurements of daily energy expendi-
ture (DEE) provide insights into the energy balance of animals, it also has drawbacks 
making it difﬁ  cult to use the technique to assess the energetic costs of egg laying. The 
main drawback is that animals can compensate energy expenditure when energetic 
costs are high and that animal can differ in the use of these compensation mechanisms 
(Vézina et al. 2006). We know birds use compensation mechanisms in the egg laying 
period because theoretical models predict a 45-60% increase in DEE during egg laying 
(Carey 1996), but the actual increase is half as much (27% and 22%; Nilsson and Raberg 
(2001); Vezina and Williams (2002) respectively). The difference is thought to be the 
result of reallocation of energy (Williams 2005). This compensation is not included in 
the DEE measurement and therefore DEE can be an underestimation of the true costs, 
especially when these are high.Chapter 9
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A reduction in body mass (Nur 1984) could be a strategic decision, which would 
lead to a reduction in DEE as DEE is positively correlated with body mass (chapter 3). 
Long term compensation mechanisms like these are not a major concern since DEE 
measures can be statistically corrected for body mass. However, short-term compensa-
tory mechanisms can be used. For example, activity can be reduced in order to save 
energy. This is done in captivity by zebra ﬁ  nches (Vézina et al. 2006), but also by free 
living willow ﬂ  ycatchers (Empidonax traillii) during egg production (Ettinger and King 
1980). Individual differences in the use of energy compensation mechanisms (Vézina et 
al. 2006) could potentially mask the energetic costs of egg laying when measured with 
the DLW technique.
Another way in which compensation can occur is when both members of a pair 
feed the nestlings. When the partner of the focus animal for example feeds less fre-
quent (potentially caused by quality individual differences), the focus animal will par-
tially compensate for its partner’s shortfall and will thus increase its DEE. Finally, the 
work rate can be affected by carry over effects from earlier parts of the breeding cycle. 
For example, experimentally increased costs during egg laying result in reduced caring 
capacity by the female as shown by a reduction in the number and condition of ﬂ  edg-
lings (Monaghan et al. 1998). Thus a possible low DEE during chick feeding could be 
the result of a high DEE during other stages of the breeding cycle. All these compen-
sation mechanisms might be the reason why a correlation between ﬁ  tness components 
and energy expenditure is often not found (e.g. Welcker et al. 2009, Welcker et al. 2010)
(but see Golet et al. 2000), while plenty of evidence exists for the link between ﬁ  tness 
components and increased workload (e.g. Nur 1984, Daan et al. 1996, Visser and Les-
sells 2001, Stjernman et al. 2004).
Measurements of DEE often vary greatly between individuals (see chapter 3 and 5). 
Differences in DEE can be caused by differences in local food availability, behaviour 
or by differences in individual quality. When, as in chapter 5, the relationship between 
DEE and food availability in terms of caterpillar biomass is of interest, DEE can best 
be measured within individuals, where conditions differ between the measurements. But 
even then it is still possible that the true energetic costs are masked by compensation 
mechanisms.
Experimentally advancing egg laying; is it possible?
Advancing egg laying without supplementary feeding appears to be difﬁ  cult. This is 
a consequence of our lack of understanding of the cues used to time reproduction. 
Perhaps the decision to start reproduction can be conceptualised as a series of trafﬁ  c 
lights, and egg laying will not start until all the trafﬁ  c lights are green. Our experiments 
might switch the light to green for one of the cues (day length or perceived body con-
dition), but not the others, so egg laying will not commence. Also, laying date differs 
from traits such as brood size which can be directly manipulated by the experimenter. General discussion
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For laying date, the researcher can only alter the conditions under which the birds make 
the decision. Although we were not able to advance egg laying, there are a few possible 
manipulations which have not yet been explored.
As laying dates are partly heritable, early breeding individuals could perhaps be cre-
ated by selective breeding in captivity, as has been done for personality (Drent et al. 
2003), and the early birds then released into the wild. Another option is to follow up 
our attempt to use photostimulation to advance egg laying. We found no effect on lay-
ing dates between photostimulated and control females but our treatment may not have 
been sufﬁ  ciently strong. Birds measure photoperiod not through their eyes, but light 
sensitive receptors are located in the brain deep under the back of the skull (Gwinner 
and Hau 2000), so one option would be to equip female great tits with a small LED light 
attached to the back of their skull. Alternatively, females could be illuminated when 
roosting at night in nest boxes, with a transponder reader programmed to switch the 
light on only for a speciﬁ  c set of transponders (those females chosen for the increased 
light treatment). Both of these setups would lead to more stimulation, and perhaps to 
an advancement of egg laying, and therefore enabling a study on the ﬁ  tness conse-
quences of advancing egg laying.
Temperature as a cue for timing of reproduction
The PhD project that resulted in this thesis is part of a larger project which aims to 
describe the mechanisms underlying timing of reproduction, study the ultimate effects 
of mismatched reproduction and its population consequences, and predict population 
viability as a result of future climate change. 
Parallel with this project, another PhD-project was carried out by Sonja V. Schaper. 
In that project, temperature as a cue for timing of reproduction was studied in great 
detail. Because temperature and food availability are correlated in the wild (chapter 2 of 
this thesis), studies on temperature as a cue for timing of egg laying have to be done in 
controlled environments. Timing of egg laying was studied under various temperature 
proﬁ  les in 36 climate-controlled aviaries. Schaper showed that it is the seasonal increase 
in temperature, rather than mean temperature or the daily variation in temperature, that 
serves as a cue for the timing of egg laying. It remains to be tested if the increase in 
temperature also predicts laying dates in the ﬁ  eld. Furthermore, the sensitivity to tem-
perature increase was found to be partly heritable, implying that for micro-evolution 
towards a more temperature-sensitive great tit to take place.
Schaper also studied physiological processes like changes in luteinizing hormone 
and gonadal development in great detail. Follicle size grew slowly from January onwards 
and showed rapid growth from March to April, just before egg laying. Schaper showed 
that the timing of gonad development was not affected by the different temperature 
proﬁ  les in captive great tits under ad libitum conditions (Schaper chapter S3 and S4). 
This suggests that gonads for wild birds will be fully grown around the same date every Chapter 9
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year. The growth of gonads requires energy and could potentially restrict early egg lay-
ing when food is scarce. We know very little about gonadal growth in wild birds and 
it is unknown if food restriction could delay egg laying via the (slow) development of 
the gonads. Between year differences in gonad size in wild birds (for example measured 
mid March), would suggest that food conditions do play a role in gonadal growth. If 
gonadal growth is not restricted by food conditions and is only a function of (changing) 
day length, then gonadal growth might become a constraint on the timing of egg laying 
if climate change selected for earlier laying.
Endocrinologists typically study the effects of experimentally manipulated cues on 
hormonal levels and gonadal growth and assume this relates to the timing of reproduc-
tion. However, egg laying itself is almost never measured. Although gonadal growth is 
needed to start egg laying (and thus reﬂ  ect the earliest possible laying date) laying dates 
in the aviaries were not correlated with changes in LH or gonadal development (Schap-
er chapter S5). This would be the case if gonadal growth does not limit the timing of 
egg laying, which would be consistent with our results in chapter 7 where egg laying in 
free living great tits was not advanced by photostimulation. In semi-domesticated zebra 
ﬁ  nches, testis growth slows down when food availability was low (Perﬁ  to et al. 2008). 
Although zebra ﬁ  nches live in a highly unpredictable habitat and use rain as their main 
cue (instead of photoperiod), food availability could also limit gonadal development 
in other bird species like the great tit. Studies on gonadal growth in the wild are non-
existent but vitally important because they can reveal whether gonadal growth (and thus 
lay date) limits the advancement of egg laying in the wild.
Schaper also showed that neither the phenology of bud burst or visual cues of cater-
pillars themselves are used as cues to initiate egg laying (Schaper chapter S10), that eggs 
produced in aviaries were more variable in volume than those produced in the wild and 
that temperature did not affect egg volume in aviaries (Schaper chapter S7).
General conclusion
I have shown that insect availability, but not energy availability, is low in the period be-
fore egg laying and thus advanced our insight into what might restrict the advancement 
of egg laying. Energy in the pre-laying period is available in abundance in the form of 
larch and pine seeds (and beech nuts in springs following beach mast years), which sug-
gests that advancement of egg laying is not energetically restricted. However, female 
great tits’ foraging behaviour matched the temporal change in arthropod abundance 
and thus suggest that proteins are important in the pre-laying period and possibly re-
strict early egg laying. Continuation of insect monitoring in spring will reveal if the low 
level of insect availably just before egg laying started is a general pattern.
In this thesis I argue that advancing egg laying would come with an energetic cost 
because insect abundance is low in the period before egg laying and egg laying would be 
commenced under colder conditions which would in turn affect thermoregulatory costs General discussion
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and foraging efﬁ  ciency. Depending on the ﬁ  tness costs of earlier laying, reproduction 
that was mismatched to the peak in caterpillars in terms of the provisioning needs of 
nestlings might be adaptive. We did not succeed in advancing egg laying and thus were 
not able to measure the energetic and ﬁ  tness costs of earlier laying to study if the cur-
rent laying dates are maximizing ﬁ  tness. I have proposed a few additional methods that 
could be tried for advancing laying dates in the ﬁ  eld. 
Differentiating between the cue and constraint hypothesis is important as this would 
have different consequences for adaption to future climate change. If the advancement 
of laying dates in great tits is limited by a change in the relationship between the opti-
mal time of breeding and the values of cues used (the cue hypothesis), natural selec-
tion should favour great tits with increasing temperature sensitivity (which is heritable; 
Schaper 2012) (Nussey et al. 2005). In this case, the critical rate of climate change that 
would lead to a decrease in population viability would depend on the rate of micro-
evolution in genetic temperature sensitivity. If the advancement of egg laying is protein 
limited (the constraint hypothesis), then the only way that the match between food 
availability and nestlings peak food demand could be restored would be if temperatures 
in early spring increased more than temperatures in late spring. If temperature increases 
continue as they have for the past four decades, adapting to climate change would be 
impossible with likely negative consequences for population viability.References 
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Seasonal environments are characterized by a short time window during which the en-
vironmental conditions for reproduction and growth are suitable. Animals aim to time 
their reproduction in a way that their ﬁ  tness is maximized and breeding too late or too 
early often results in a reduction in ﬁ  tness. When reproduction is well matched, the oc-
currence of (large) nestlings in the nest coincides with high levels of food abundance.. 
The optimal window for reproduction for many forest insectivorous birds, like the great 
tit (Parus major), is determined by the availability of caterpillars with which they feed 
their nestlings. These caterpillars only occur during a short period of time and thus 
form a clear peak in food abundance in spring. The annual timing of the caterpillar peak 
depends on the temperature in late spring. As late spring temperatures have increased, 
the timing of the caterpillar peak has advanced more than three weeks in the past 30 
years. Great tits too, have advanced their timing of reproduction, but not to the same 
degree as the shift in their main prey during chick feeding which has resulted in natural 
selection favouring early breeding. The central question in this thesis is why great tits 
have not advanced their timing of breeding to match the shift in their main food source 
during the chick feeding period.
In order to have large nestlings during the caterpillar peak, egg laying has to start 
weeks before the caterpillar peak. Animals use cues from the environment in deciding 
when to start breeding. Besides changes in day length, great tits use temperature as a 
cue. However, as temperatures in early spring have increased less than temperatures in 
late spring, such inconsistent changes may mean that temperature cues no longer cor-
rectly predict the optimal time to breed (the ´cue hypothesis´). Another explanation as to 
why great tits have not advanced their timing of breeding as much as the shift in the 
caterpillar food peak, is that advance of egg laying is hampered by food availability (the 
´constraint hypothesis´).
Although the importance of food availability in the period before egg laying for 
the timing of breeding has been widely acknowledged in literature, we know very little 
about it. Great tits are not able to store substantial amounts of fat and thus all energy 
and speciﬁ  c nutrients for egg production have to be gathered during the day of egg 
production. Eggs can only be produced when enough food is available. In chapter 2 we 
showed a temporal change in insect abundance in the period before egg laying. Laying 
dates of the earliest laying great tits coincided with a steep increase in insect availability 
after a period of low insect abundance. We think that larvae of the Western Larch case 
bearer (Coleophora laricella) and possibly true ﬂ  ies (diptera; or their larvae) are main protein 
sources for egg production. Continuation of the insect monitoring program as well as 
further studies on the temperature sensitivity of the phenology of Larch case bearers 
and true ﬂ  ies will yield important insights into whether the great tits’ laying date is con-
strained by food availability in the period before egg laying.
Food availability is generally low in the period before egg laying, which allows for 
the possibility that early laying females may be early because they require less energy to Summary
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acquire the nutrients and energy needed for egg production. We showed that females 
which differed four days in their egg laying date did not differ in their energetic expendi-
ture during egg laying, thus we did not ﬁ  nd support for this hypothesis (Chapter 3). It is 
however possible that the ﬁ  tness effects of their energy expenditure differ for early and 
later breeders, which would maintain variation in laying dates in the population. We have 
also measured energy expenditure twice within female great tits during the chick feeding 
period using a cross foster experiment and showed that energy expenditure increased 
when caterpillar biomass decreased (Chapter5). Thus, besides a reduction in breeding 
success, mismatched reproduction also increases parental work rate, with possible carry 
over effects on parental survival, and thus a reduction in ﬁ  tness.
Advancing egg laying to match the timing of food availability with the nestling stage 
is likely to come at the price of increased energetic costs during egg laying, as eggs are 
produced under colder conditions while food availability and foraging efﬁ  ciency are still 
low. Earlier breeding will reduce the energetic costs during chick feeding as it will be 
better matched with the food peak, however, the high ﬁ  tness cost of advancing egg lay-
ing (reduced female survival) may not outweigh the ﬁ  tness beneﬁ  ts gained by breeding 
earlier and thus mismatched reproduction can be adaptive (Chapter 6).
A study on the ﬁ  tness effects of experimentally advanced egg laying can discriminate 
between the cue hypothesis and the constraint hypothesis. Individuals who are energeti-
cally constrained currently lay at the optimal time. Advancing egg laying would lead to 
a disproportionate increase in costs compared to beneﬁ  ts of being better matched with 
the food peak. Under the cues hypothesis, where birds basically do not realize they have 
to advance egg laying although they are energetically not limited, ﬁ  tness of the experi-
mentally advanced animals will increase as a results of increased synchrony with the 
food peak. We have tried to advance egg laying by photo stimulation to initiate gonadal 
growth (Chapter 7) as well as by manipulating perceived body condition by the females 
by using the hormone leptin (Chapter 8). Unfortunately, neither of the two experiments 
led to advancement in egg laying and we were therefore not able to test the ﬁ  tness ef-
fects of advanced egg laying. 
Being able to distinguish between the cue and constraint hypotheses is important 
as they have different consequences for how fast animals can adapt to future climate 
change. If the non adaptive reaction to spring temperatures is the cause of the slow 
shift in laying dates in great tits, their temperature sensitivity to early spring has to 
change. In this case, long term population viability will depend on the maximum rate of 
genetic change of this temperature sensitivity. On the other hand, if early egg laying is 
hampered by food availability, only an increase in temperature in early spring relative to 
late spring would allow birds to start egg laying early enough. If temperature increases 
continue in the same manner as the past three decades, adapting to climate change 
would be impossible with likely negative consequences for population viability.Samenvatting
165Samenvatting
166
Om hun ﬁ  tness te maximaliseren plannen dieren hun voortplanting in de meest gun-
stige periode van het jaar. Voor bosvogels zijn vooral de grote hoeveelheid rupsen in 
het voorjaar van belang, omdat ze hiermee hun jongen voeren. Deze rupsen zijn maar 
gedurende een periode van enkele weken beschikbaar en de exacte timing hiervan hangt 
af van de voorjaarstemperatuur; in jaren met een warm voorjaar is de rupsenpiek vroeg. 
Een goedgetimde bosvogel heeft grote jongen in het nest ten tijde van de rupsenpiek. 
Te vroeg of te laat broeden resulteert in een afname van het broedsucces. Als gevolg 
van klimaatsverandering is de ruspenpiek in de afgelopen 30 jaar meer dan drie weken 
vervroegd. Logischerwijs zouden insectenetende bosvogels deze vervroeging volgen, 
maar het blijkt dat koolmezen (een modelsoort als het gaat om de studie naar het aan-
passen aan klimaatsverandering) maar één week vroeger zijn begonnen met het leggen 
van hun eerste ei vergeleken met 30 jaar geleden. Een centrale vraag in dit proefschrift is 
waarom koolmezen minder vervroegen dan het voedsel waarmee ze hun jongen groot-
brengen.
Weken voor de ruspenpiek moeten vogels al beginnen met het leggen van hun 
eieren. Vogels gebruiken signalen uit hun omgeving om te bepalen wanneer ze begin-
nen met de eileg. Naast de verandering in daglengte, speelt ook temperatuur een rol in 
deze beslissing. Temperaturen in het vroege voorjaar (voor en tijdens het leggen) zijn 
minder snel gestegen dan de temperaturen in het late voorjaar (verantwoordelijk voor 
de timing van de rupsenpiek). Hierdoor is de voorspelbaarheid van de optimale periode 
voor voortplanting veranderd. Een hypothese waarom de voortplanting van koolmezen 
minder verschoven is dan de rupsenpiek is dat koolmezen de oude regels gebruiken 
voor het plannen van hun voortplanting (de ‘cue hypothese’). Een andere mogelijk is dat 
koolmezen niet vroeger kunnen broeden omdat er simpelweg niet genoeg voedsel bes-
chikbaar is op het moment dat ze eigenlijk zouden moeten beginnen met het leggen van 
de eieren (de ´constraint hypothese´).
Het produceren van eieren kost veel energie en vereist speciﬁ  eke voedingsstoffen. 
Veel kleinere bosvogels, zoals de koolmees, kunnen nagenoeg geen vet opslaan, zodat al 
de energie en nutriënten voor eiproductie gedurende de dag bij elkaar gezocht moeten 
worden. Hoewel onderzoekers het er over eens zijn dat de voedselbeschikbaarheid in 
de periode voor de eileg waarschijnlijk van groot belang is voor het timen van eileggen, 
weten we er maar weinig van. Naast een insectenmonitoringsprogramma hebben wij 
een aantal koolmeesvrouwtjes uitgerust met kleine radiozendertjes, die ze als rugzakjes 
met zich meedroegen. We zagen dat de koolmezen vooral foerageerden in bomen waar 
op dat moment de meeste insecten te vinden waren, ondanks het feit dat er volop zaden 
aanwezig waren die relatief meer energie bevatten dan insecten, maar minder eiwitten. 
Opvallend was dat veel koolmezen begonnen met leggen op het moment dat insect-
enaantallen in snel tempo toenamen na een periode van lage insectenbeschikbaarheid. 
Deze resultaten laten het belang van insecten als voedselbron zien in de periode vóór 
het leggen en duiden op een mogelijke eiwitbeperking voor eiproductie (Hoofdstuk 2).Dutch summary
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Misschien zijn de vroeg leggende vogels, vogels die effectief met energie om kunnen 
gaan of vogels die, doordat ze in een voedselrijk territorium verblijven, met een lage 
energie uitgave voldoende voedsel kunnen bemachtigen om vroeg te kunnen leggen. 
Als dit zo is, dan zouden vroeg leggende dieren minder energie uitgeven tijdens de 
eiproductie vergeleken met laatbroedende vogels. Wij hebben de energetisch uitgaven 
van koolmees vrouwtjes met een verschil in legdatum van vier dagen vergeleken (door 
handig gebruik te maken van overlappende legperioden) en het blijkt dat vroege leggers 
net zoveel energie uitgeven als late leggers (Hoofstuk 3). Het kan natuurlijk nog wel zo 
zijn dat de ﬁ  tness kosten van energetische uitgaven verschillen tussen vroege en late 
broeders en dat dit variatie in legdatum in stand houdt. 
Te vroeg of the laat broeden heeft vaak negatieve effecten voor het broedsel. In 
hoofdstuk 5 laten we zien dat ook ouders harder moeten werken (en dus meer energie 
uitgeven) om hun jongen voldoende voedsel te geven als het voedselaanbod afneemt. 
We hebben hiervoor de energie uitgaven van koolmees vrouwtjes gemeten toen hun 
eigen jongen 6 en 14 dagen oud waren. Gedurende de metingen hebben we het orginele 
broedsel vervangen door een gestandardiseerd broedsel (8 jongen van 10 dagen oud), 
waardoor de natuurlijke afname in voedsel over deze 8 dagen de grootste verandering 
was tussen de metingen. Eerder onderzoek laat zien dat harder werken vaak negatieve 
gevolgen heft voor de overleving, dus te laat broeden ten opzichte van de voedselpiek 
heeft waarschijnlijk een negatief effect op ﬁ  tness via de overleving van de ouders.
Vroeg genoeg beginnen met eileggen zodat de jongenperiode in de ruspenpiek valt 
kan waarschijnlijk niet zonder een verhoging van de energetische uitgaven omdat eieren 
geproduceerd moeten worden onder koudere omstandigheden als er nog weinig voedsel 
beschikbaar is en de efﬁ  cientie van voedselzoeken laag is. Hoewel het vroeger broeden 
de energieuitgaven tijdens het voeren van de jongen zal verlagen, kan het misschien 
beter zijn om ‘te laat’ te broeden als de ﬁ  tnessvoordelen van een betere match met de 
voedselpiek later in het seizoen niet opwegen tegen de ﬁ  tnesskosten van het vroeg leg-
gen van de eieren (Hoofdstuk 6).
Door ﬁ  tness effecten van experimenteel vervroegde koolmezen te bestuderen kun-
nen we onderscheid maken tussen de constraint hypothese en de cue hypothese. Indivi-
duen die energetisch beperkt zijn, leggen op het voor hun optimale moment. Vervroeg-
ing zal leiden tot een buitenproportionale verhoging van de ﬁ  tnesskosten en dus tot 
een verlaging van de totale ﬁ  tness (broedsucces en ouderlijke overleving). Onder de cue 
hypothese, waar individuen die niet ‘realiseren’ dat ze te laat broeden, zal een vervroeg-
ing in legdatum leiden tot een verhoging van de totale ﬁ  tness. We hebben geprobeerd 
de legdatum te vervroegen door de groei van de gonaden te stimuleren in koolmees 
vrouwtjes met behulp van een lichtbehandeling (Hoofdstuk 7) en door de ervaren li-
chaamsconditie te manipuleren met behulp van het hormoon leptine (Hoofdstuk 8), 
maar beide manipulaties hebben niet tot een vervroeging van de legdatum geleid. Toch 
is het belangrijk dat we er uiteindelijk in slagen om een dergelijk experiment uit te vo-Samenvatting
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eren, omdat de twee hypothesen verschillende consequenties met zich meedragen over 
hoe koolmezen zich kunnen aanpassen aan klimaatsverandering. Als blijkt dat ze de 
verkeerde signalen gebruiken kan er een ‘nieuwe koolmees’ evolueren die al bij lagere 
temperaturen in het vroege voorjaar begint te broeden aangezien er genetische (over-
draagbare) variatie bestaat in de temperatuursgevoeligheid. De populatieconsequensies 
van toekomstige klimaatverandering zullen in dit geval afhangen van de snelheid waar-
mee de genetische temperatuurgevoeligheid kan veranderen. Als vroeg broeden beperkt 
wordt door voedselbeschikbaarheid, dan kunnen koolmezen alleen vroeger broeden als 
in de toekomst de temperatuursstijging in het vroege voorjaar groter is dan de temper-
atuursstijging in het late voorjaar. Als de temperatuur blijft stijgen op dezelfde wijze als 
de afgelopen drie decennia is aanpassen aan klimaatverandering zonder ﬁ  tness verlies 
onmogelijk met hoogstwaarschijnlijk negatieve gevolgen voor de populatie.Dutch summary
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